PUBLISHED FOR SISSA BY 4) SPRINGER

1

RECEIVED: November 10, 2025
REVISED: January 10, 2026
ACCEPTED: January 24, 2026
PUBLISHED: March 10, 2026

Double-soft limit and celestial shadow OPE from charge
bracket

Daniele Pranzetti®® and Domenico Giuseppe Salluce ©¢

@ Universita degli Studi di Udine,
via Palladio 8, I-33100 Udine, Italy

E-mail: daniele.pranzetti@uniud.it, domenicogiuseppe.salluce@uniud.it

ABSTRACT: The dual formulations of an infinite tower of tree-level soft theorems in asymptot-
ically flat spacetimes for scattering amplitudes in the standard energy-momentum basis and
for correlators of a 2D celestial conformal field theory imply a correspondence between the
celestial operator product expansion (OPE) and the higher spin charge bracket. We apply
such correspondence to provide first a prescription to solve the double-soft limit ambiguity in
the mixed-helicity sector of celestial OPEs. Furthermore, demanding the charge OPE/bracket
correspondence to remain valid when operators are shadow transformed, we construct an
algorithm to compute shadow celestial OPEs. We first test the algorithm by recovering results
in the previous literature involving the celestial energy-momentum tensor; we then apply it
to both gravity and Yang-Mills theory and generalize the OPE derivation to arbitrary spins.

KEYWORDS: Space-Time Symmetries, Conformal and W Symmetry

ARXI1v EPRINT: 2510.26520

OPEN AcCESS, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP03(2026)096


https://orcid.org/0000-0001-7888-2064
https://orcid.org/0009-0008-5757-7026
mailto:daniele.pranzetti@uniud.it
mailto:domenicogiuseppe.salluce@uniud.it
https://doi.org/10.48550/arXiv.2510.26520
https://doi.org/10.1007/JHEP03(2026)096

Contents

1 Introduction 1
2 Preliminaries 5
2.1 Higher spin charges and their action 5
2.2 Celestial diamonds 11
3 Double-soft limit 12
4 Shadow OPE in gravity 18
4.1 Energy-momentum tensor 19
4.2 Same-helicity sector 23
4.3 Mixed-helicity sector 26
5 Shadow OPE in Yang-Mills 28
5.1 Same-helicity sector 29
5.2 Mixed-helicity sector 31
6 Conclusions 33
A Mixed-helicity charge bracket in Yang-Mills 35
B Shadow OPE in gravity 37
B.1 TS[N,] 37
B.2 TS[NJ] 38
B3 1T 39
B4 TOT 40
B.5 TT 40
B.6 Commuting shadow transform and soft limit 41
B.7 S[No)S[N1] 42
B.8 S[NO]S[NEQ] 43
B.9 NslS[NEQ] 44
B.10 Ny, S[Ns,] 45
B.11 S[Ns,]S[Na,] 46
B.12 N, N, 48
B.13 N, S[N,] 50
C Shadow OPE in Yang-Mills 52
C.1 F; S[Fs,] 52
C.2 S[Fo|S[Fy,] 54
C.3 S[Fsl]S[FA_2] 55
C.4 FyS[Fs,] 55
C.5 Fy S[rl] 56
1 Introduction

Celestial holography is an implementation of the holographic principle in asymptotically

flat spacetimes where n-particle scattering amplitudes are recast as correlators of a celestial

two-dimensional conformal field theory (2D CFT) on the celestial sphere. For massless

particles, this rewriting is achieved by switching from the standard basis of energy-momentum

eigenstates to a basis of asymptotic boost eigenstates through a Mellin transform in the



energies [1]. This reformulation strongly relies on the fact that, in the large-r mode expansion
of the bulk fields near null infinity, the spatial direction of the massless 4-momenta is identified
with the position of the dual CF'T operator on the celestial sphere. Such identification allows
to relate the collinear limit of amplitudes in momentum space to the operator product
expansion (OPE) of primary operators in the celestial CFT (CCFT); in particular the leading
term in the OPE given by a conformal primary is uniquely determined by the leading collinear
behavior of scattering amplitudes, while demanding global SL(2, C) covariance of the OPE
determines the contribution from all its descendants [2—4].

The second key ingredient of the celestial holography proposal to reformulate the scattering
problem is the range of boost weights A labeling, in addition to a point (z, z) on the celestial
sphere, a complete basis of boost eigenstates. It was shown in [5] that the continuum of
conformal primary wavefunctions with A = 144X, A € R span the complete set of normalizable
solutions to the Klein-Gordon equation in R'3. Conformal primary wavefunctions of spin
J can be constructed out of these and the massive case can be included as well. At the
same time, the study of the infrared sector of the theory, where most of the physically
interesting effects have been studied so far through the manifestation of BMS symmetries,
requires the introduction of a conformally soft limit [6, 7] and the inclusion of celestial
operators with discrete A [8-11]. The celestial OPE involving these operators has led to the
discovery of an infinite tower of conformally soft theorems governed by a wi., symmetry in
gravity and an S-algebra symmetry in Yang-Mills (YM) theory, when restricting to the same
helicity sector [4, 12, 13]. Treatment of conformally soft celestial operators in terms of the
principal continuous series of irreducible unitary representations of Lorentz seems unpractical;
alternatively, inclusion of the tower of conformally soft operators in a basis of conformal
primary wavefunctions is possible if one works with the discrete basis A € Z introduced
in [14] for fields in a functional space of Schwartzian type.

Moreover, while the A-basis is very natural when working with CFT structures, the
energy w-basis and the retarded time u-basis can provide a more transparent treatment of
different aspects of soft physics [11]; in order to move freely from one basis to another [14],
one wants to avoid putting apriori restrictions on the boost weight and study celestial OPEs
in the full complex-A plane.

Among the CFT structures, an important role is played by the shadow transform [15, 16].
This is an operation that sends an operator O(a (2, 2) to S[Oa 5](2', 2'), where (2, 2), (2/, 2')
are two different points on the celestial sphere; the shadow operator transforms as a conformal
primary operator of boost weight and spin (2 — A, —.J), explicitly'

d?z Oa,1)(2,2)
SO, 7) = Kay o (2 — 2)2 BT (3 — )2 AFT
. A 2-A-1)
_\-a—gia—Aa-—J)
with  Ka ;= (-) TA—J-1) (1.1)

The shadow transform is thus a non-local operation that appears in at least three important
ways in celestial holography. First and foremost, a local CCFT energy-momentum tensor can
be constructed as the shadow transform of the sub-leading soft graviton operator [18-20],

'The normalization constant K s coincides with the one in [17], up to a sign.



reproducing the standard OPE with a second conformal primary operator; reproducing the
expected T'T" OPE is however a thorny issue [21] to which we will come back in section 4.1.
The second appearance is due to the realization that, in addition to the local highest-weight
basis for A € 1+ iR mentioned above, the shadow transform of this family provides a second
non-local family of conformal primary wave-functions spanning the space of plane wave
states [5]. The third appearance has been preliminarily revealed in [22] and it concerns the
role of shadow higher spin charges in providing a closed bracket for the mixed-helicity sector of
celestial symmetry algebras; this will be the main topic of our upcoming companion paper [23].

These three pieces of evidence, as well as several other applications of the shadow
transform [24-35], hint towards an important role played by shadow operators in the dual
CCF'T; this raises the interesting question of how to derive celestial OPEs involving at least
one shadow celestial operator and how to take their double-soft limit. This last operation
is characterized by a degree of ambiguity already in the case of standard (local) operators
(see, e.g., [20, 21, 36-40]).

The main goal of this manuscript is to provide a consistent algorithm to take the double-
soft limit of celestial OPEs, including the case when at least one of the two entries is a shadow
operator, both in the case of gravity and YM theory. The key tool of our analysis is the
equivalence between the celestial OPE with a first soft insertion and the celestial hard charge
bracket action on the same general operator appearing in the second entry, as revealed in [41].
More explicitly, this charge OPE/bracket correspondence can be written as

_ _ 1 _ _
Q;(Za Z)O(A’,J’)(Zlv Z/) AN g{qg(za Z)’ O(A’,J’)(Z/’ Z/)} ) (1'2)

where ¢!, ¢? are respectively the soft and the hard charge contributions [14, 41, 42], with
$ € Z+, and Oar jry is a conformal primary operator. The correspondence (1.2) represents
a key entry in the bulk/boundary dictionary for flat holography and it is rooted in the
equivalent formulations of tree-level soft theorems for scattering amplitudes in the energy-
momentum basis (Lh.s. of (1.2)) and in the boost basis (r.h.s. of (1.2)). More precisely, in
their standard formulation, soft theorems can be understood as Ward identities associated
to an infinite number of conserved charges, with one conservation law for each point of
the celestial sphere [43-46]. Leaving antipodal matching implicit, these truncated? Ward
identities take the form

{out|[g;, Slin) = —(out|[qZ, S]|in). (1.3)

The action of the soft charge on the Lh.s. of (1.3) generates the insertion of a soft gravi-
ton/gluon at O(w?®) in the S-matrix element; replacing the Poisson bracket of the quadratic
charge in a Fourier mode expansion with the quantum commutator, the r.h.s. of (1.3) gener-
ates the corresponding soft factor. On the other hand, when expressing scattering observables
in a basis of asymptotic boost, these take the form of conformal correlators, as recalled
above; in this formulation then classical soft theorems can be expressed as OPEs of conformal
primary operators with a conformally soft limit taken on the first entry [3, 48], namely the

2For s > 2 in the case of gravity and s > 1 in YM higher order contributions to the charges appear, giving
rise to collinear terms in the soft factors [46, 47].



r.h.s. of (1.2). It follows that the celestial OPE with one soft insertion where A — 1 — s
is given by the (sub)’-leading soft factor [41].

While the correspondence (1.2) is thus simply a statement about the validity of tree-level
soft theorems when expressed in two different basis, its realization is a non-trivial fact
nevertheless, given the different ingredients that enter the derivation of its two sides. On the
one hand, the charge bracket action is computed working within the asymptotic covariant
phase space formalism; starting with the conserved charge at spatial infinity and using the
asymptotic Einstein/YM equations of motion in a large-r expansion about null infinity, one
re-expresses the charge as an integral over scri of powers of the conjugate fields parametrizing
the asymptotic phase space as well as their spatial and (inverse) time derivatives. The
charge bracket action is then computed from the symplectic form of the radiative phase
space of the theory and it is an on-shell result derived from solving the recursion relation
encoding a truncation (beyond a certain value of the spin) of the evolution equations for
the higher spin charges [14, 41, 42].

On the other hand, celestial conformal primary OPEs have been derived starting from
the leading collinear singularities of three-point vertices in momentum space computed
with Feynman diagrams and applying Mellin transforms; asymptotic symmetry constraints,
together with some analyticity assumptions, are then implemented to determine the coefficients
of the leading (primary) as well as subleading (descendants) contributions in terms of the
conformal dimensions of the primaries [4, 48, 49]. The construction is purely kinematical,

with no dynamical evolution equation involved.

While very powerful and elegant, the celestial OPE derivation becomes fuzzy when shadow
operator are involved due to the non-local nature of the shadow transform, which spoils the
coincident collinear limit. In this case then, the leading term in the collinear limit of the
three-point function in momentum space does not necessarily dominate over the other terms
and both primary and descendants contributions should be included at the same time when
computing the OPE coeflicients. A preliminary treatment of this issue by means of the OPE
block technique in CCFT [3, 50] has recently appeared in [51] (see also [52]).

In this work, we will employ the r.h.s. of (1.2) to derive OPEs involving at least one soft
insertion and where either one or both entries are shadow operators. The advantages of this
phase-space-based approach are twofold. Firstly, demanding the OPE of the soft charges
to correctly reproduce the first order charge bracket fixes the double-soft limit prescription
to “first entry goes soft first”, as we will show in section 3. Secondly, since the collinear
limit does not really play any role when computing the charge bracket action, there is no
conceptual obstacle to applying the shadow transform to it, as the quadratic charge expression
already includes all the primary and descendant contributions. Therefore, demanding the
correspondence (1.2) to remain valid in the case where shadowed operators are included
provides a direct algorithm to compute shadow celestial OPEs, which we will apply in
section 4 to the case of gravity and in section 5 to YM theory. We will first test our proposal
for the case of OPEs involving one as well as two copies of the energy-momentum tensor
(corresponding to a shadowed subleading soft graviton operator) and show that we recover
results appeared in previous literature. As an extra bonus, the phase-space-based approach
allows us to clarify another ambiguity maybe not always explicitly emphasized, namely the



commutativity or not of the shadow transform and the conformally soft limit. We will show
that the two operations can be performed in any of the two orders, giving the same result.

Beyond the key observation (1.2), our analysis exploits another useful tool represented
by the organization of conformally soft primary operators and charges provided by celestial
diamonds [9, 10, 12, 53]. We will review their structure in section 2, together with other
preliminary material, and clarify some aspects of the relation between different corners
along the way. Concluding remarks are presented in section 6 and detailed derivations are
extensively provided in the series of appendices A, B, C.

2 Preliminaries

We start by reviewing the construction of higher spin charges in gravity and YM theory, their
bracket action on fields parametrizing the asymptotic phase space and their relation to other
relevant (to our analysis) operators, as captured by celestial diamonds.

2.1 Higher spin charges and their action

2.1.1 Gravity

We describe the gravitational radiation near ¥ through the shear helicity scalar C'(u, z, Z)
and the news N(u,z,2) = 0,C*(u, z, Z), being functions of the retarded time w and the
transverse coordinates (z,z) on the celestial sphere S. We define positive and negative
energy modes of the shear as

Cy(w) = /_O:O due™'C(u), C_(w)= /_o:o due™"C*(u), w>0 (2.1)

and the Mellin transforms

~

Ci(A) = /0 " dww 1 (w). (2.2)
One can decompose C(u) into positive and negative energy sectors as
C(u) = Cy(u) + C* (u) (2.3)
where
Cy(u) = % /Ooo dwe ™ Cy (w). (2.4)

Analogous objects can be constructed also for the news N (u).

If we restrict to signals belonging to the Schwartz space, an infinite tower of higher spin
charges [41] can be extracted from the asymptotic expansion of truncated (for s > 3) Einstein’s
equations near F 7. These charges have conformal dimension/helicity® (A, J) = (3, s), with
s € Z,s > —2, and satisfy the recursive equations

(s+1)
2

auQs = Dzstl + 095727 (25)

3We use interchangeably the tensor notion of ‘spin’ with the scalar notion of ‘helicity’; see [46] for
more details.



where Q_9 = 9,IN/2 is the derivative of the news, and Q_; = D,N/2 is the energy current.
Moreover Qyp = Mg is the complex mass aspect, and Q7 = J is the angular momentum
aspect [54]. Here D, denotes a covariant derivative with respect to z on the celestial sphere
S; it will also be denoted as D in the following, and similarly for Ds and D.

Since the charge aspects Qg diverge in the limit © — —o0, one defines the renormalized
higher spin generators (see also [55] for a generalized renormalization procedure)

Qs(u, 2,2) == wD#an(u, 2,2), (2.6)

= (s —n)!

which parametrize the non-radiative phase space I'yg corresponding to the conditions 9, N =
0 = DN. The limit © — —oo of these generators is finite and defines the higher spin
charge aspects

qs(z,2) = lim ¢s(u,z,2). (2.7)

U—r—00
While these charge aspects have helicity s, their hermitian conjugates ¢, := ¢} have helicity
—s5. We can expand ¢s in powers of radiation fields as g; = ¢! + ¢? + -- -, where the first

two contributions are the soft charge aspect (linear in radiation fields) and the hard charge
aspect (quadratic in radiation fields). Explicitly, by solving the recursion relation (2.5) at
linear order, we have

()

gl(z,%) = D**2N,(z,%), where N,(z,2)= L~
S!

/ duu’N(u, 2, 2) , (2.8)

is the (sub)®-leading soft graviton. At quadratic order, the renormalized charge aspect
take the form

N B e R (e G A _ _
2 _ - s—/{ 0 a—0+1
q;(z,2) = 1 /_OO du LZ:;] G0 D [CD 9, N} (u,2,2)| , (2.9)
where
u Ul Un—1
a," = / duq dug - - - / du, . (2.10)
+oo +oo “+o0o

The higher spin charges are defined by integrating the charge aspects against an arbitrary
spin-s function 74(z, z) over the celestial sphere S, namely

%@%zié%%@ﬁ%@, (2.11)

where we denote [q := [g dQZ\/E], with ¢ the determinant of the leading order celestial sphere
metric. As celestial OPEs are usually derived conformally mapping the celestial sphere to
the celestial plane, with covariant spatial derivatives becoming simple partial derivatives
9,0, in the following we will adopt this setup as well to simplify some manipulations and
the comparison with previous literature. Where necessary, we will adopt also the convention
o0 = 821,51 = 531 and similarly for zs.



The action of the quadratic charge aspects on the shear and News fields can be computed
straightforwardly by means of the radiative phase space symplectic form, which yields the
fundamental Poisson bracket [56-58]

{N(ul,zl), C’(UQ, ZQ)} == ljé(ul - ’LL2)52(21, 22) s (212)

where kK = v/327rG. In a conformal primary basis, where one introduces the conformal
primary gravitons NK of +-helicity corresponding to operators of dimension/helicity (A, £2)
defined as*

-1 +oo
Ni(z,z) == —F(AQ)/ duu!=2N(u, z, 2),
-1 +oo
Ni(z,2) = —F(Az)/ duu' =2 N*(u, 2, 2) (2.13)

this action is given by [41]
{qg(zl,il) Ni[ (22, 22)}

sl Z% )" (Ao £ 2)5 n(s)n(n+ 1) 6P (212, 212) B NR, 1y (22,22),  (2.14)

where z19 = 21 — 22, Z12 = Z1 — Z2 and we have introduced the falling factorial (z), = z(x —
1)---(z —n+1). The fields NX are proportional to conformal primary boost eigenstates
O% of [1, 5], explicitly

8T

£ _ ;A +

Ox =i"—Nj} 2.15

A iR (2.15)
In terms of the Mellin transforms (2.2), we also have the relation Nf = —i(i*A(A]i(A) +

iACi(A)).
The rescaling (2.15) is simply motivated by the fact that the residues of N, at negative
integer dimensions correspond exactly to the (sub)®-leading soft graviton modes in (2.8),

(1) e
Resa—1_s (N&(Z,E)) = 273'/ duu’N(u, z,z) = Ns(z, 2), (2.16)
where one uses the identity Resa—_,I'(A) = %; similarly,
Resa—1—s (NZ(2,2)) = No(z,2). (2.17)

A main result of [41] was to show that the OPE of two conformal primary boost eigenstates
in the antiholomorphic collinear limit [2, 3]

o] n+1

1
Oy, (21,21)0%, (ZQ,ZZ)N_EZTQZB (A1 =14, Apt241) =2 12 a"oi wa, (22,22)+O(2)y),
n=0

(2.18)

“We refer to [14, 42] for the precise details on ie-prescriptions and contour integrations.



where B(x,y) = I'(z)I'(y) /T'(z+y) is the Euler beta function, implies the charge OPE/bracket
correspondence

_ _ 1 _ _
¢y (21, 21) Ny, (22, 22) & 5{93(21721)71\@[2(22722)}- (2.19)

This follows from taking the conformally soft limit of the first entry of (2.18). This cor-
respondence is the key observation that will allow us to compute celestial OPEs involving
shadow operators starting from the hard charge bracket. As already mentioned above, a
second important tool to achieve this goal is represented by celestial diamonds, which we
will briefly review below. Before moving to the analog construction for YM theory, an
important remark is in order.

As implied by the antiholomorphic collinear limit, the OPE (2.18) is valid as long as
z,z are taken as independent real variables, corresponding to an analytic continuation to a
(2,2) signature in the bulk. When instead working with a Lorentzian signature, as in our
case, z and Z are complex conjugates, and the mixed-helicity OPE in (2.18) receives extra
contributions characterized by a pole in z12. This was derived in [7] for the case of Yang-Mills
theory, starting from multi-gluon scattering amplitudes (see eq. (4.18) there). The case of
gravity was discussed in [41], where the authors propose the following expression

_ _ _ k1l & P _
Ox, (21, 21)0%, (22, 22) ~ — 3%, > B(A1—1+n,Ay+2+1) 17; "OX i a, (22, %2)
n=0 '
k1 [/_ _ _ _
~ o (7B 3,80 2 - 105, 5, (2 2) + O(FD) ).

(2.20)

When taking the conformally soft limit on the first entry, these extra terms vanish for spins
s < 3, since the Euler beta function is regular in this range, reflecting the exact nature of the
asymptotic evolution equations (2.5) (and therefore the expression (2.9) of the hard charge
aspects) for this range of spin. Whenever this fact, which applies also to celestial OPEs in YM
theory, will be relevant in our analysis, we will use extra care to point it out and deal with it.

2.1.2 Yang-Mills theory

We can apply the same analysis to Yang-Mills theory in 4-d Minkowski spacetime [42]. We
work with a non-abelian gauge theory with gauge group G and related Lie algebra g, whose
generators T, with a = 1,...,dim(g), satisfy

[To, Tb) = i fap“Te, (2.21)
where the structure constants are normalized such that

Tr(ToTp) = Ogp- (2.22)
The Yang-Mills equations take the form

dxF, F=dA+iANAA, (2.23)



with the gauge field A = A,dz* a 1-form valued in the adjoint representation of g, i.e.
Ay = A}T,. We will denote the adjoint representation’s action with Ad(X)Y = [X,Y]. We
use retarded Bondi coordinates (u,r, z,z) in which the Minkowski metric takes the form

ds* = —du® — 2dudr + 2r°~,:dzdz (2.24)

where v,z = 2/(1 + 2z)? are the components of the round metric on the celestial sphere S.
As in the case of gravity, we will restrict for simplicity to the case when the celestial sphere is
flattened to a plane, and the sphere metric becomes v,z = 1. Under this hypothesis, covariant
derivatives on the sphere become partial derivatives.

In radial gauge A, = 0, the asymptotic expansion of the gauge field around ¥ reads

Au:nz::o T Az:nz::o ST (2.25)

Furthermore, we assume A, (z, z)| s+ = 0. The asymptotic behaviour of the field strength ' is

(n) ) 752) o (n)
Fur 7"2 2_:0 o Fu. :nz::o 7 F, ,  Fiz :nz::o rnc (226)
We define positive and negative energy modes of A,(ZO) as
A (w / due™™ A (u) / due™ A (u), w>0, (2.27)
and the Mellin transforms
AL(A) = / ™ L AL (w). (2.28)
0

(0)

One can decompose Az’ into positive and negative energy sectors as
A (u) = Ay (u) + A (u), (2.29)
where

Ay (u) = % /OOO dwe™ ™" A (w). (2.30)

(0)

Analogously, one can decompose F,” = —8uA,(ZO)* into positive and negative energy modes,

and define the related Mellin transform. This defines conformal primary gluon operators as
F\%z2)=-T'(A— 1)/ duul_Al'}(g)a(u7 2, %),
Fi9(z,2) = ~T(A — 1) / duu A FOa(y, 2, 7). (2.31)
—00

These are related to the usual Oi“ one finds in literature by a normalization factor (see [41]
for details)

a 3 g a
Fre = (fZ)AM‘((E) Oie. (2.32)



By large-r expanding the Yang-Mills equations (2.23), one can extract an infinite tower
of g-valued charge aspects with conformal dimension and spin (A, J) = (2, s) obeying the
following recursive differential equations

OuRs = ORs 1 +i[AD Ry 1]y, s>0, R_y=F (2.33)

In analogy with the case of gravity, (2.33) are exact for s = 0,1, while they represent a
truncation of the full Yang-Mills equations for s > 1; moreover, such charge aspects diverge
in the limit v — —o0, so one introduces the renormalized charge aspects at F*

S s—1
_ . —u s _
rs(2,2) = ugr_noo lgo ((3 —)Z)! 'Ry (u, 2, 7), (2.34)

which are finite. These charge aspects have positive spin s, while their Hermitian conjugates 7
have negative spin —s. They can be expanded in powers of the gauge field A asry = rl4r2+...,
where we will focus on the first two contributions. Explicitly, the soft charge aspects read

s+1
ri(2,2) = 0T F,(2,2), where Fi(z,% / duuSF( ,2) (2.35)

are the (sub)®-leading negative helicity conformally soft gluons. In fact, we have that
ReSA:I—sF&a(za 2) = Fﬁ(% 2) ) ResA:l—nga(Za 2) = Fg(zv 2) ) (236)

where Fy(z, %) is defined replacing Fg(g) with FZ(S)* in (2.35). The quadratic charge aspects
take the form

(2,2) —zz / o as "[A0w, ). @0 oy P w,n)] L 23

The symplectic potential of the theory at F* reads
1
oM~ Tr[F( M(u, 2,2)6A0) (u, 2, 2) + FO (u, 2, 2)5 AP (u, 2, 7)), (2.38)
Iym
from which we can read off the Poisson bracket

{F2O (u, 2, 2), 2O (W, 2 )} = G806 (u — u')82(2, 2') . (2.39)

Using this bracket, one can straightforwardly compute the action of the quadratic charge
aspects (2.37) on the conformal primary gluons and obtain for instance [42]

—2a = = a - san:Flilsnsn an c =
{2 (zl,zl),FAif(zg,zQ)}:g%Mf bCZ(—l) (Z(S_n)')@ 5(2)(212)32}7;2_8(22,22).

n=0
(2.40)

From this, one obtains the following same-helicity charge aspect bracket

_92a _ — — a < 51+52—")s;—n S S1—n .
{720 (21, 21), 74 (22, 22) } = g3 f e D (51 (Sf_n))' L, 2“(8 17152 (219) 08 F sl+82(22722)).
n=0

(2.41)

,10,



On the other hand, the tree level OPE for positive-helicity conformal primary gluons derived
in [2, 12] (modulo the rescaling (2.32)) is given by

in S o T(A1L =1+ n)T(Ay — 1) 21505y

Ft (21, 21) F2T (29, 70) ~ — F %).
Ax (21,21) AQ(ZQ?zQ) ¢ AT Z19 T;) DA +As+n—2) n! AH'A?_I(ZZ’ZQ)

(2.42)

By using the definition (2.35), (2.36) of the soft charge aspect, it is straightforward
to verify [42] that

_ _ _ 1 _ _ _
T;a(21,21)FX§(22,22) > Q—i{rga(zl, Zl),FXQb(ZQ,Zz)}, (2.43)

and similarly for negative-helicity gluons. The charge OPE/bracket correspondence (2.43)
is thus the equivalent of (2.19) for YM theory.

2.2 Celestial diamonds

Celestial diamonds provide a graphical representation in the (A,.J) plane of conformal
primary descendants operators belonging to global conformal multiplets in 2D celestial CF'T
(see [9, 10, 12, 41, 53] for more details). In the case of gravity and for the purposes of our
analysis, there are two classes of memory diamonds according to whether s < 1 or s > 2.°
In the first case, depicted in figure 1(a), the left and right corners are represented by the
conformally soft graviton modes and their shadows respectively; they both descend from a
generalized conformal primary [59], here denoted §s and dubbed dual charge aspects,® with
(A,J) = (—1,—s) and located at the top corner, and they both descend to the soft charge
aspects at the bottom corner (also generalized conformal primaries). In the second case,
the soft charge aspect operators are located on the right corner and their shadow on the
left one; they both descend from the corresponding spin-s soft graviton operators at the
top corner and they both descend to the dual soft graviton operators, denoted N, with
(A,J) = (1+s,2) and located at the bottom corner. This terminology follows [41], where
the notion of “duality” refers to the fact that both pairs of opposite corners have weights
related by (A,J) < (2 — A,—J) for arbitrary spin-s. In this regard, it is worth noting
that only the left and right corner entries are indeed one the shadow transform of the other.
The duality between the top and bottom corner entries has been given an interpretation
by means of SL(2,C) representation theory in [41]. In particular, representation spaces
labeled by (A,J) and (2 — A, —J) share a duality pairing through the following bilinear
functional on the complex plane

(6,0) = /@ d22[0~ AT LA gy (2.44)

where ¢, are elements of the representation space acting on L?(C), labelled by (A, .J).” In

the same work, dual soft gravitons N, have been identified with the sub-leading component

\1168_2) of the ¥y Weyl scalar in the large-r expansion around null infinity ¥y = >°>° \Il(()n) Jrotr,

5The zero-area diamond of s = 2 is a limiting case between the two.
5These were referred to as conformally soft dressings in [9, 10].
"Further details can be found in [60].
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s=0,1

Gs : (—=1,—s)

Ng:(1—s,-2) Slgs] : (—1,—5)

S[Ns]: (14 5,2)

Figure 1. Celestial diamond associated with negative-helicity soft gravitons with ((a)) s =0, 1 and
((b)) s > 2.

Fs‘ : (1_Sa_1)

Figure 2. Celestial diamond associated with negative-helicity soft gluons with ((a)) s = 0 and
() 5> 1.

In the course of our analysis, we will devote a good amount of effort to comparing the OPE
structure of dual soft gravitons N, and gluons F; (see figure 2(b)) to the one of their shadow
counterparts, providing evidence of their matching.

In YM theory the two classes of celestial diamonds have the same pattern, with the
limiting (zero-area) case corresponding now to s = 1 and the number of spatial derivatives
on each arrow varying as shown in figure 2.

3 Double-soft limit

In the literature of celestial holography, an ambiguity concerning the double-soft gluon
theorem has been discussed. In the context of S-matrix scattering amplitudes, when the
two gluons becoming soft have opposite helicities, the soft theorem has two different forms
depending on the order of the two soft limits [61]. The same ambiguity is encountered in
the case of the OPE counterpart of the scattering problem [7]. We will focus on the OPE
viewpoint, involving conformal primary gluons FAi“.
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In most works, when studying the behavior of two opposite helicity gluons labeled by
indexes 1 and 2, the collinear limit defining the OPE is taken by considering the complex
variables (z, Z) as independent: this limit is called holomorphic when z12 — 0, while keeping
Z12 fixed, and antiholomorphic in the opposite case [2]. The leading OPE of two opposite
helicity conformal primary gluons in the holomorphic limit is

ab

@/ N _ Y e _
OXl (Zl, Zl)OAg(ZQ, 2’2) ~ —igyM 1 B(Al — 1, AQ + 1)OA1+A2_1(;:2, 22) . (3.1)

When, otherwise, the variables (z, z) are considered as complex conjugates, the collinear limit
takes both z19, 212 — 0. In this case, the leading OPE is

ab
OL%(21,21)050 (29, 22) ~ — igym J;;B(Al — LAy + 1O p, 1 (22, 22)
ab
— 1gyM J;l;B(Al + 1, Ay — 1)OX(1:+A271(Z2’ 52). (3.2)
We define the soft gluon currents as
.a - q: . +a —
J (Zv Z) - AH—%(A 1)0A (sz) ’ (33)
JUz,2) = iiinl(A - 1)0,%(2,2). (3.4)

The OPE j%(21, 21)j%(22, Z2), in principle, can be derived from (3.2), passing through a double
conformally soft limit, but in practice it is not well-defined because the r.h.s. depends on
the order of the two limits. If we take the limit in Ay first, we get

ab

ja(z1,21)jb(z2722) ~ —igyM zl;jc(m,@), (3.5)
while, if we take the limit in A, first, we get
- a,bC
J%(21,21)5" (22, 22) ~ —igym - J (22, 22). (3.6)

This is the ambiguity shown in [61] and [7]. We want to exploit the correspondence (2.43)
between the OPE and the charge bracket to provide a prescription to fix the ordering of
the two limits. More precisely, when focusing on the mixed-helicity doubly-soft sector, the
correspondence we want to implement, passing from Poisson brackets to commutators via
the convention {-,-} — [, ], is

_ _ _ 1 _ _
Py (21, 211 (22, 22) ~ 5[5 (21, 21), gy (22, 22)) (3.7)

Therefore, first we need to derive the r.h.s. of (3.7). As shown in appendix A, this commutator

is given by

[F20(21, 1), Te0 (22, 22)]

. SLo(s1 480 —n—2) - _ _ )
= —ighm S > (51 (251 o ) RO O TR (21, 20) 05 FE 4y, (20, 22)) . (3.8)
n=0 :
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With this tool at hand, let us start with the holomorphic collinear limit. From [4] we
know that the full expression of the OPE (3.1) including the descendants, after rescaling
the operators with (2.32), is

b oo
_ _b — QYM fa —
FA} (21, 21)Fy, (22, 22) ~ =52 2 n'B(Al — 14 n, Dg+ 1)ZH0"FR% A, (22, %) -
(3.9)
We want to perform a double-soft limit and obtain the OPE
n > b ) . — —b _
F¢(z1,21)F, (22,%2) = A1—>1—51E1A12—>1—52(A1 — 1+ 51)(Ag — 1+ 82) FA%(21,21) Fy, (22, 22) -
(3.10)
If we take the limit in A; first, we obtain
b S1
- — b — gYMfa 1(51+52_n_2)s n _
Fa G 2) Py (0, 22) ~ =500 212 n;o n! (s1 —n)! RO 1y (22, 22),
(3.11)

where we used that I'(z) has no singularities on the positive real axis, while Res,—_,I'(z) =
CVn € Zy, and that T'(z 4+ 1)/T(z — n 4+ 1) = (2),.
In the other order, when taking the limit on As first, we would get zero if s = 0,1, as

Resp,—1-5,I'(A2 + 1) = 0 for sy < 2, which means that the two soft limits do not commute.
In the case s9 > 2, instead, we get the non-vanishing expression

b S1
g ) F 2 gYMfa L(sitsa—n—2)5n_ _
Fgl(zhzl)Fsz(ZQ,ZQ) _Z? 1 I:r;)n' (81 _n)' 1— 2611 51+82(2’272’2)
S 1 (s1+s2—n—2)s,-2 )
+ Z 7| (52 — 2)' So— Zn 8"F81+82 (22, 22) s (3‘12)
+ .

which is different from (3.11) because of the second row. Thus, for the holomorphic collinear
limit, the conformally soft limits of the OPE do not commute for any s > 0.

Let us see what happens with the OPE of soft charges. By applying the differential
operator 95211951 to (3.11), we obtain

77;?(217 Z)r 1b(22, 2

a < + —n—2)5-n s S1—n =
gYMf b Z (31 5(251 _nn)' ) 17" 5 2+1(a 1— 5( )(21,,22)82 Sl+82(22722))7 (3'13)
n=0 :

where we used

1'5;’1“(%) = 270776 (21, 20). (3.14)
n. Z12

The expression on the r.h.s. of (3.13) is proportional to the bracket (3.8), that is the
identification (3.7) is realized. This holds for any s1, so, only if the limit in Ay is taken first.
If we take the limit in Ay first, instead, the above identification is not satisfied (we have a
vanishing OPE for s; = 0,1 and extra terms for sy > 2).
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Let us point out that a similar non-commutativity of soft limits is found also for the
same-helicity OPE, as soon as one includes the full tower of descendants in the OPE (2.42).
In fact, if we take the soft limit of (2.42) in A; first, we obtain

S

2 ab 1 >n an
_ - _ , + 89— n)gy—n 21505 - _
fra b 9y [P (s1 1-n 21292 fe 315
o (21, 1) Fg, (22, 22) 4 AT 219 nE:O: (51 —n)! n 51480 (22,22) ( )

while if we take the limit in Ay first, we obtain

2 ab 81 >n an
— —\F _ gym Ve (81 + 82 —n)s;—n 21205 =, -
F(z1,721)F2 (29, 29) ~ — i { F 29,2
o (21, 21) Fg, (22, 22) pra— n§:0 51 =) 1 Lsits (22, 22)
- o
(s1+ s2 —n)s, 21505 - _
+ E 52' 52 S F§1+32('Z2722) . (316)

n=s1+s2+1 : :

Here, terms in the second row represent an obstruction to the exact commutativity of the
two soft limits, analogous to what happens for ss > 2 in the mixed-helicity case. This
non-commutativity issue was noted also in [39] for both same-helicity and mixed-helicity
cases (see also [62] for a review). In that work, it is argued that this ambiguity for the
same-helicity sector does not affect the commutator of the holomorphic currents constructed
from a contour integral of the OPE, since the mode expansion of the obstruction terms
does not contain any pole; this way, the Jacobi identity of the current algebra is preserved.
However, we point out that greater care is required when applying this argument to the
mixed-helicity case: here, for so < 1, the ambiguity manifests not through obstruction terms,
but through the fact that only one ordering (first entry taken soft first) yields a non-vanishing
OPE. We further emphasize that, unlike the holomorphic commutator, the ordering of the
soft limits is crucial to recover the canonical commutator of charge aspects, computed from
the phase space Poisson bracket (2.39), from the OPE, even in the same-helicity case. More
precisely, the linear-order of the canonical commutator of two YM charge aspects is given
by the sum of two contributions, namely

(72 (21, 21), 70, (22, 22)]' = [Fa(21, 21), Tao (22, Z2)] + [Fo0(21, 21), Ta (22, 22)] - (3.17)

The bracket-OPE correspondence discussed so far, applies to each of the two pieces on
the r.h.s. of (3.18). In particular, applying the derivative operators 9 ™1 952*! on the first
ordering (3.15) gives an exact match with the bracket-OPE correspondence

_ N _ 1 - _
Tot (21, 21)Fsg (22, Z2) ~ Sl (21, 21), Pes (22, 22)). (3.18)
This does not happen for the second ordering (3.16), which introduces an obstruction due
to the extra terms in the second row.
One might then consider a looser notion of bracket-OPE correspondence for the full
linear-order canonical commutator (3.17), consisting of the following combination of OPEs

_ . _ 1_ o _ 1_ o _
[T?l (217 Zl)’ ng (227 22)]1 ~ Erif(zl) Zl)T;S(Z% 22) - 57"51,3(2’2’ Z?)ré‘l,f(zlv Zl) . (319)

One could then ask whether this correspondence is independent of the ordering of the two
conformally-soft limits. The answer is negative: the correspondence is verified only when
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both terms on the r.h.s. are computed using the prescription first entry goes soft first. With
the reverse ordering (or any mixed combination of orderings), the extra terms from (3.16) do
not cancel, thus obstructing the correspondence. Let us also point out that we would have
commutativity of the two conformally soft limits only if the summation over the descendants
in (2.42) was truncated at most to n = sj+sg, i.e. if we restrict to the wedge, as already
noticed in [39]. These results, considering the full tower of descendants, already provide a
first indication that there is a preferred ordering for the double limit.

So far we restricted to the holomorphic collinear limit. If one wants to go beyond it, thus
considering (z, z) as complex conjugates, the expression of the same-helicity OPE (2.42) does
not change, so the above observations still hold. In the case of mixed-helicity, instead, the
form of the OPE of the two conformal primary gluons becomes

ab
N _ . 1 . Eno— _
OX4(21,21) 00 (22, 22) ~ — igym oy 2o DAL = 140, A+ DZR0"OKT 8, 1 (22, 22)
n=0 """
ab
— igym fz_l; (B(Al +1,As — 1)OXT+A2_1(zg, Z2) + (’)(212)) )

(3.20)

The first row here is the same as the holomorphic limit restriction. When one performs
the conformally soft limit in A; on the second row, this vanishes for s; < 2. This means
that beyond s; = 1, the conformally soft limit of the OPE receives corrections. If these come
with corrections to the higher-spin charges, as expected since their evolution equations (2.33)
beyond s; = 1 are only truncations of the Yang-Mills equations, it might be possible to preserve
the correspondence (3.7). Such analysis is however beyond the scope of this manuscript.

Nevertheless, if one takes the conformally soft limit of the second row of (3.20) in Ay first,
this is non-vanishing for all values of so, even spins s; = 0,1. Given the possible appearance
of both helicity soft gluons in the OPE, when taking the double-soft limit in different orders,
a scenario one could contemplate is the following. In the mixed-helicity sector, the linear
order bracket between two charge aspects consists of the two contributions

(72 (21, 21),78, (22, 22)]' = [F22(21, 21), Tal (22, Z2)] + [Fa2(21, 21), 720 (22, 22))] - (3.21)

A fair guess could be that the first contribution would correspond to the OPE 71%(z1, z1)
r1%(29, %,), where the first entry goes soft first, while the second commutator in (3.21) would
correspond to the same OPE but where the second entry goes soft first. What we show
now is that in general this is not the case.

We will only analyze the case s; = s3 = 0, which is interesting because in this regime the
evolution equations of the higher-spin charges are exact, and also because this is the case
in which the double-soft limit ambiguity is discussed in literature. Taking the double-soft
limit of (3.20) in the two orderings, we have

'g\2(M fabc c _
_ B -~ —g ML _c [ (22722) fOI' Al — 1 ﬁrst,
Foa(zlazl)Fé)(ZQ,ZQ) ~ dm z12 ~ 0

2 ab =
—i%%Fﬁ(z’Q,%) for Ay — 1 first.

(3.22)

We see that in the Ay — 1 first case the sum over descendants gets truncated to the primary
only; even if the second row of (3.20) already contains only the primary term, we assume
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that the same truncation for the Ay — 1 first case would remain valid even after inclusion
of descendants for the positive-helicity gluon in (3.20).
These two expressions are respectively equivalent to (3.5) and (3.6), since

Fy(z) = T2 (2). (3.23)

If we apply 020; to (3.22), we obtain

76 (21, 21)r8" (22, 22)

B0 fab 0y (52 (21, 29) FS (22, 7)) for Ay —1 first, 520
~/ 2 — _ _ .
§9xm fpab, (315(2)(21, 20) F§ (22, 22) + %%%Fg(zg, 22)) for Ay — 1 first,

We observe that only for A; — 1 taken first, the charge OPE /bracket correspondence

_ _ _ 1. _ _
T(l)a(zl, Z]_)T(l)b(zz, Zg) ~ 5[7“(2)“(21, ,2:1),7“(1]b(,2727 Z9)] (3.25)

is verified. In fact, if we turn to the case Ay — 1 taken first, we can rewrite it as

_ _ . R - _ _ 11, - _
Téa(zh Zl)Téb(ZQ, 22) ~ ZgYTMfabc (81(5(2)(,21’ Z2)FOC(22, 22)) + %?82%6(@, 22)) . (3.26)
12

This means

2
P e, 2t (22, 2) ~ Sl (e, 20), 1o, 2] 4D S f B RS (e 2) (3.2
T Ziy
from which we see that the case Ay — 1 first does not realize a charge OPE/bracket
correspondence with the second term on the r.h.s. of (3.21). We observe, however, that such
scenario could be realized if the second line of (3.20) were expanded around (z1, z1) instead
of (z2,22): at the level of primaries only, the two choices of expansion point in (3.20) are
equivalent. We would then start with

ab
_ — — . c 1 N anem—c .
OX?(ZM Zl)OAZ(ZZ’ 22) ~ —19YM f,.212 Z EB(Al -1+ n, AQ + 1)2’128 OA1+A2—1(Z2’ 22)
n=0 """
ab
— igym J;l; (B(Al + 1,80 = DOLC A, (21, 71) + (’)(z12)) ;
(3.28)

instead of (3.20). Applying the double-soft limit to it, we would obtain

’g%Mfabc C =
_ B B —1 LcF8(z9,29) for A; — 1 first,
F§ (21,20 Fg (e, 2) ~ {47 22 0707
L—<F§(z1,21) for Ag—1 first.

(3.29)

—1 41 Z12
instead of (3.22).% Then, acting with 9,01 on the second line of (3.29) would precisely
yield the correspondence

_ _ _ 1. _ _
réa(zhm)?“éb(zz,zz) ~ 5[7“3&(21,»21),7”86(»22,22)]a (3.30)

8 Alternatively, one could start with (3.20), and Taylor-expand the second line of (3.22) around (z1, z1),
truncating to the primary contribution. This would lead to the same conclusion.
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without the obstruction term appearing in (3.27).

To summarize, the results of this section show that, both for the case of same-helicity
and mixed-helicity gluons, the canonical approach can remove the ambiguities arising in the
OPE approach when we include the full tower of descendants and both operators go soft,
providing the prescription: First entry goes soft first. We will apply this rule in the following
when studying OPEs involving shadow operators in the case where both entries are soft. Let
us thus move to our second and main application of the charge OPE/bracket correspondence.

4 Shadow OPE in gravity

The shadow transform can be defined through a notion of propagator G (z; z1) such that
DZGn(%Zl) :62(2721>7 (41>

and its complex conjugate Gy, (z; 21) := (Gn(2;21))*. On the celestial plane, for n > 1, one has

1 (z —z1)" !
n\%1; %) = — 4.2
Gnl21:2) 2rn—1)! z-—2 (42)
Shadow charge aspects and shadow soft gravitons are then given by
Slga) (2, 2) = 852 / Gara(21; 2)gs(21, 51), for s> 2 (4.3)
S1
S[NS](Z, E) = 8S+2 G'Q_S(Zl; Z)NS(Zl, 51) for s S 1. (4.4)

S1

Complementary to these, we can express the dual charge aspects §s and dual soft gravi-
tons NS as

Gs(z, 2) :/S : ég_s(zl;z)Gs+2(22;z1)qs(22,22), for s<1 (4.5)
1 2

Ny(z,2) = 9°T20°72N,(z, 2) for s>2. (4.6)

Egs. (4.4), (4.6) express the web of relations depicted by the celestial diamonds in figure 1.
Shadow and dual soft charge aspects can then be expressed in terms of soft gravitons via (2.8).

More generally, we use the following definitions (see (1.1)) of the shadow transform
S:(AJ) — (2—-A,—J) for conformal primary gravitons

_ _ Ka 1 1 _ _
S|N , = —/ ————+Nx(23,23), 4.7
[Nal(22, 22) or Js, Z;lgA 553A A (23,23) (4.7)
o Ko A 11 _ B
N = SIN 4.8
A(227Z2) o /S3 z%_Z §2A3+2 [ A](Z37Z3)7 ( )

Ka= (-1 (49)
Roa= (1> 250 (4.10)
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The corresponding expressions for the positive-helicity primaries NZ are identical to the
above ones upon the exchange z23 <+ Z23. Let us point out that, taking the conformally soft
limit of (4.7), we recover the operators (4.4) for s < 1; for s > 2, the two classes of operators
given by the conformally soft limit of (4.7) and (4.6) only share the same conformal dimension
and helicity (A, J) = (1 + s, 2). Nevertheless, one of the main focus of our analysis is to
provide evidence that, when inserted in a correlation function, these two sets of operators
exhibit the same OPE structure.

Our strategy for deriving shadow celestial OPEs is to employ the charge OPE /bracket
correspondence (2.19) together with (4.4), (4.6), (4.7). In order to test the validity of this
strategy, we apply it first to recover results in previous literature on OPEs involving the
CCFT energy-momentum tensor.

Before proceeding, we inform the reader that, in the rest of this manuscript, we will
sometimes restrict to conformal primary gravitons/gluons such that the real part of their
conformal dimension satisfies ’RA < 1. This includes the complete basis of boost eigenstates
labeled by the principal continuous series A = 1+ i\, A € R [5], as well as the set of memory
observables in the discrete basis of [14]; in particular, it allows us to take the conformally
soft limit A — 1 — s,s € N of both conformal primary gravitons and gluons within an
OPE. At the same time, this restriction (which we will explicitly point out when applied)
simplifies the expression of some OPEs, whose analytic structure would otherwise require
a more general treatment.

4.1 Energy-momentum tensor

The CCFT energy-momentum tensor is defined as the shadow transform of the s = 1 soft
graviton operator

T(21,71) == S[M](z1,71) = —% /S (2112)4
1 1

= — z 4.11
27 SZl_qu(z,z), (411)

Nl(Z,,a

and it has been shown to be the generator of local conformal transformation on the celestial
sphere [18-20]. Let us first verify this property by using our prescription to compute celestial
OPEs involving shadow operators.

Starting from the second line of (4.11), we can use the bracket (2.14) to write the OPE

_ _ iK? _ _
q%(zl, ZI)NZ‘:Q (2’2, 22) ~ —? |:— (A2i2)8152(2’1, ZQ)NZZ (2’2, 22)+2(52<21,22)82N:At2 (Z272’2>:| y

(4.12)

from which

T(Zl, él)NXQ (2’2, 22) ~N ——

ik2 1 [ (Ag+2)
8 277{(

2
t z + _
z1 — z2)2NA2(22, Zo) + maQNAQ(ZQ, 22)], (4.13)

which yields the expected conformal Ward identity for positive and negative helicity gravitons
with conformal weights 2hot = Ag £ 2.
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We can now proceed further and take a shadow transform on the second entry. We focus
first on the same-helicity OPE. For A, < 1, we have (see appendix B.1 for details)

T(z1,21)S[Ny,] (22, 22)
Z.HQ Ag—5-A2+1 1 1-As ——1=-—As—1 — _
~ _ﬁ - (4 — A2)3212 212 % Sy Z41 224224 241 S[NAQ](Z4’ 24)

T 1 N N
- (3—A2)221A22 43,21(21%2“)%/3 o A22241»241A2 IS[NA 1(24, 24)
4
42~ o+ 22100.,)SING, ) (22,2) ). (4.14)

where the second row only contributes when Ay < —2. Upon the rescaling (2.15) of primary
fields, the local part of this expression is in agreement with [51] (see eq. (3.16) there), up to a
sign. In the aforementioned work, this sign mismatch is found via a different construction of
the OPE of shadow operators, relying on an OPE block, and it is attributed to the alleged
presence of additional singularity structures in correlators, beyond what is captured by the
shadow transform of the OPE coefficients.

In order to obtain the OPE between two copies of the energy-momentum tensor, we can
take the conformally soft limit Ay — 0) of (4.14) (see appendix B.3) and we arrive at

_ _ K2 (2 1 _
T(z1,21)T (22, 22) ~ — . { (2’2 + 21282> T (22, z2)
12
MU 12 . 1
- = (qi(zz,@) — q%(m,zl)) —~ zT(azq%(Zsz) +01Gi(21,21))| -
12 12

(4.15)

The first line on the r.h.s. of (4.15) reproduces the expected OPE of two copies of the energy-
momentum tensor; the second line represents an extra non-contact term.? Such undesired
contribution is not new of course; in fact, it can be rewritten as (see appendix B.3)

% 12 L 16 1 .
— (@1 (22, 22) — G1(21,21) ) + 1 (02Gy (22, 22) + 01G1 (21, 21)) = —**/ ——5 N1(23, 23),
Z?z ( ) 2%2 ™ 2%2 S3 2332%3

(4.16)
which is exactly the obstruction term found in [20] (see eq. (4.12) there). There the authors
argued that, by means of the sub-leading soft theorem (due to the insertion of Nj) [44] and
conformal integrals of the form (B.1), this undesired contribution vanishes due to global
conformal invariance. However, the validity of this conclusion has been questioned in [21]
due to subtleties related to subleading divergent terms of a I'(0) function, appearing when
performing the conformal integral. Here, as in [21], we include both operators N; and its
shadow T in the theory. In this setting, we provide further support for the conclusion
that the obstruction term (4.16) is non-vanishing, based on the structure of the relevant
celestial diamond. If we compute the OPE associated with the conservation law for the

9As a remark, if we compute (4.15) with the opposite ordering of soft limits (i.e., taking the second entry
soft first), the situation becomes more complicated: not only are the extra terms not removed, but additional
undesired terms also survive.

— 20 —



energy-momentum tensor, we obtain

_\3 _ ik? 1 24 _ 12 _
T(Zl, 21)8T(2’2, ZQ) ~ — T% — ZTNl(ZQ, 2’2) — ZTaNl(ZQ, ZQ)
12 12
2 _ 1 _
+ TQ%(Z%Z?) + —0qi (22, 22) | 3 (4.17)
212 212

we see that the second line on the r.h.s. above gives rise to contact terms when inserted
in a correlation function, due to the sub-leading graviton soft theorem, but the first line
represents a true obstruction to a conservation law for tree level amplitudes, as its insertion
does not vanish even for a point (z2, z2) away from other operator insertions. As we show
in appendix B.4, the result (4.17) is derived without passing through (4.16), but by making
use of the celestial diamond relation 0T = 93N (see figure 1(a) for s = 1). If we want to
preserve both the right and left corners of the celestial diamond (namely, the sub-leading
soft graviton N; and the stress-energy tensor T'), the same expression should follow also
from simply acting with dy on (4.16). This is indeed the case only if the obstruction term
in the latter is non-vanishing, as otherwise we would recover only the second line of (4.17)
(up to contact terms).

In order to solve these issues, the authors of [21] proposed a modified definition for the
CCFT energy-momentum tensor, whose OPE with itself contains no obstruction terms. In
such a construction, the modified energy-momentum tensor comes with a manifest Virasoro
symmetry but, if Ny is kept in the theory, the 81(2, C) symmetry it generates is lost. Their
reasoning is based on the introduction of an object [¢1]g with the same conformal dimension
and helicity as ¢, such that

dlgilg = N1 and  8*[d@1]g(z1,21)N1(22, 22) ~ Contact Terms. (4.18)

The definition they propose requires taking z, z as independent variables and performing a

th

contour integral from reference point'"’ zy to z, explicitly

[d)g(z,2) = / do Ny (2, D). (4.19)

Being able to perform a contour integral only on one of the celestial sphere coordinates is
crucial in order to guarantee that the conservation law of the modified energy-momentum
tensor Tioa = T — 93[¢1] 4 is compatible with the vanishing of any non-contact term in the
OPE T1,040Tmoq; in fact, the subtraction piece corresponds to a modification of the shadow
integral kernel in the (2,2) signature. The price to pay for rescuing the Virasoro symmetry
associated to Ti,oq this way though is that the 8[(2,C) symmetry associated to Nj is no
longer preserved, namely the left corner of the celestial diamond in figure 1(a) (for s = 1)
is removed as a local operator. This may represent a too drastic of a solution, as Nj is
associated to the soft component of the angular momentum charge, whose insertion in a
S-matrix element generates the subleading soft graviton theorem [44, 46, 63]; moreover, the

Tn [21] (see the discussion below eq. (3.9) there), the authors emphasize that the reference point Zo
appearing in (4.19) explicitly breaks the global conformal invariance, and they conveniently choose it to be
Zo — 00.
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operator N defines the subleading displacement memory near null infinity [64, 65], an effect
potentially measurable by future detectors [66].

Therefore, whether this analytic continuation and modification of the shadow transform
kernel is the only viable prescription surely deserves further investigation, but that is beyond
the scope of this work. We simply limit ourself to pointing out how the expression of
the undesired non-contact contribution in the second line of (4.15) in terms of ¢} and its
spatial derivative might prove useful in finding a more general definition of modified energy-
momentum tensor compatible with the expected OPEs. The possible usefulness of this
rewriting of the obstruction term in (4.15) is borne out by the following observation. If
we use the standard definition of the Virasoro generators as the coefficients of the mode
expansion of the energy-momentum tensor and their commutator as a double contour integral
of its OPE [67], then one finds

2T(ZQ) OT(zQ)
L. L d m+1f d n+1<
[Lny L] = (2m 2 87i j{ #2% o 121 22, * 212

24 12 )

- ZT(@%(@) — i (1)) — 27(32611( 22) + Ot (z1))
12 12

1
(27TZ 2 87i %dzgzm‘*‘l (2(n +1)23T(22) + Z;H—laT(zQ)

2050 () — 571011 ) ) = 0. (4.20)

where we used 93¢} = T and the strong assumption of i to be holomorphic. This shows
that the second line of (4.15) encodes the structure of a Virasoro algebra as well.

As a final check of our procedure, we compute the mixed-helicity 77 OPE. Following
similar steps as above, for RA, < 1, we obtain first (see appendix B.2)

T(z1,51)S[N£2](Z2,52)
2

K _ _ __13 _ _
16 A2212 S[NAQ](Z% Z2) — 221218‘9[NA2](227 Z2)
_ 1 1 3 Ao Ay _ _
— (A2 +2)(Ag + 1) Agziy Pz o 2 222y 220N, (e, 2)
4

1 Ay _
(B (Be+ 00y (a5 ™) A5 [l ain VETISING, e, Z4>} (21
If we take now the second conformally soft limit Ay — 0, we arrive at (see appendix B.5)

" [ L OT (22, %)

T(zhgl)T(ZQng) ~ _87 712
2 (080% (21, 20)01} (22, 22) — 3005 (21, 20) 000} (20, 22) — 30%(2, )00} (20, 2)) |
(4.22)

Again, this derivation reproduces the result of [20], with the r.h.s. of (4.22) giving only regular
terms modulo delta-function contact terms, including the first line on the r.h.s. of (4.22)
— recall in fact that 0T = ¢}, thus its insertion in correlation functions also yields only
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delta-function contributions due to the sub-leading soft theorem —. We thus see that the
mixed-helicity sector of the energy-momentum OPE does not pose any problem.

After this review of how OPEs involving the energy-momentum tensor, as obtained in
previous literature, can be recovered using the algorithm laid out at the beginning of this
section, we can now reliably apply it to compute OPEs involving a shadow soft operator
for the whole tower s; > 0.

Before moving to this more general case, let us point out another useful clarification of an
ambiguity often times lurking behind the application of the shadow transform. This concerns
the commutativity or not of performing the shadow transform before or after the conformally-
soft limit. As shown in appendix B.6, the same expressions for the OPEs (4.15), (4.22) can
be derived by performing the second conformally-soft limit first and then taking the shadow
transform of the second entry. This provides good evidence that indeed the two operations
commute with each other, and more will be provided shortly.

4.2 Same-helicity sector

We want extend our procedure to compute shadow OPEs for a general s; > 0, focusing first
on the same-helicity sector. By ‘same-helicity’ hereafter we refer to the starting point OPE
between a soft charge and a conformal primary graviton, from which we can next derive
OPEs involving a shadow transform on either one (in which case the OPE will acquire a
mixed-helicity) or both entries (in which case we will still have the same helicity, although of
opposite sign). We start again from the charge aspect bracket (2.14), which yields the OPE

Given the different structure of the two classes of celestial diamonds in figure 1, let us
treat the cases s = 0 and s; > 2 separately — the case s; = 1 has been studied already
in section 4.1 —. For s; = 0, (4.4) together with (4.23) yield

SIN, N~ (2.5,) = LA 2 5 4.24
[Nol(z1,21) A2(22’Z2)__?%z1—z2 Api1(22,22) - (4.24)

If we take the conformally soft limit of the second entry, we get

S[No](zl,il)NS2(22,22) ~ 7?%21 — 2 NSQ,l(ZQ,EQ), (425)

and, for so < 1, taking the shadow transform of the second entry,

st—l(z?n 23) .

(4.26)

_ _ ik? 1 s (2 + 82)! (52 — 23)1_82 21 — 23
SINol(z1, 1) S[Nsz (22, 22) ~ _1675(_) 2 (1 — s9)! /53 (22 — 23)3152 2 — 23
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This is non-trivial only for so = 1, yielding (see appendix B.7)

ik? 1 3! 1 z—z
N, z N Zo) ~ — —— N, z
S[NoJ(z1, 21)S[N1] (22, 22) 8 2121 Js (20— 2)3z1 — 2 0(2, 2)
. 2 1
__in [ (zlgaa+a+3ma+3) S[No] (2, %)
167 Z12 Z12

6 1
+ = (zlz(?aqo(zz,za)+8q0(22,22)+8qo(22,22)+(qo(ZQ,zQ) q&(miﬂ))}
212 Z12 Z12

(4.27)

If instead we do not want to take the double-soft limit but compute the OPE with a
shadow conformal primary graviton, we can take the shadow transform of the second entry
n (4.24), which yields for a general As (see appendix B.8)

S[No](zl, Zl)S[NKQ](ZQ, 22)

iKk? 1 A A Ag——2-—A -
~Te - (83— A2)2*2122 42122+2/S 3122y 232 SIN, Aat1)(23, 23)
3
+ Z12221A22+2 (3 — Ao + Z1232) 62 (2;2A2718[N£2+1](22, 52)) ] . (4.28)

Taking the conformally soft limit for Ay = 0, one recovers (4.27), showing again the com-
mutativity between conformally soft limit and shadow transform.

For s; > 2, the OPE (4.23) together with (4.6) yield

~ g D ()T (A = 2y —a(s1)n(n + 1)O] PO 0% (21, 22) 05 N, 4y (22, 22).

(4.29)

Taking the shadow transform of the conformal primary graviton in the second entry, we
immediately obtain

~ ik Ka, <
Ni, (21,21)S[Ny, (22, 22) ~ — 3l 2A2 > ()" (A2 = 2)g,—n(s1)n(n + 1)
1- Y =0
2 Z1A‘22
651 681 n ( G”Ngfrl s1 (2’1,51)> . (430)
12

Eq. (4.30) gives the OPE of a dual soft graviton with a shadow conformal primary. However,
let us stress again that, for s; > 2, the dual soft graviton and the shadow soft graviton
operators are not the same object, Ny, # S[Ny,]. To derive the OPE of a shadow soft graviton,
rather than a dual soft graviton, one can start with the OPE involving a (sub)*!-leading soft
graviton with a shadow conformal primary and then eventually take the shadow on the first
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entry. Let us perform the first step and start again from (4.23) to write'!

Ns1(Z1721)N£2(22752)

Z ) (Ag — 2)5,_n(51) wan (22, Z2) (4.31)
167‘1’81' n' A s1—n\°1)n 71— %o 2 A2+1 51\%2y<2)- .

Taking the shadow of the second argument for a general As we get (see appendix B.9)

Ng, (21, 21)S[Ny, (22, 22)

i/€2 KA Kl—A o1 1 _
 16ms;! 27r2 27r2+81 Z E(_)n (A2 = 2)s,—n(s1)n | (1 + 51— Ag)n

n=0
1 1 1 1
. SINx (24, 24)
1 4-A; _As—s1—14n 3., 5~z 2Ast3— Ag+1-s,)\%45
/53 /54 2z A A gyt Ey e

+Zl+81 Agnk<Z>

1 1
- 4—A Ao—s51—1+ k = A 65 S[N ](Z Z)
/53 /;4 213 2 312 s1—1l+n Z13 Z. 3 2 3 Z?)AQ 3—s1 2 S1

323
(4.32)

The extra double integral in the last line on the r.h.s. of the OPE above can contribute
only in the case RAy > s; — 2. However, as shown in appendix B.10, when taking the
conformally soft limit of the second entry as well, this contribution is never there for all
$1,89 > 0. The resulting OPE reads

iK? (51 +52)sy Ki-s, R82+S1 = (s1)n

N, z1)S|N. Z9) ~ ———
s1(21,21) S[Ns; ) (22, 22) 167 s1! 21 2w 7;) n!
1 1 1 1
SNy, +sy1] (24, Z4). 4.33
/53 /54 213"~ 23;82 234" sitn 7. Z53" 1 §4 52781 [Nortsa-1(24, 21) ( )

For s; > 1 the conformal integral identity (B.1) cannot be applied to the integral in square
brackets above, as the condition (B.3) cannot be satisfied. Therefore, we do not presently
know how to simplify further the expression of the OPE (4.33). However, a local OPE
expression can be obtained if, instead of taking the second soft limit in (4.32), we do a shadow
transform of the first entry; in particular, we want to ask the question whether the OPE
with a shadow conformal primary graviton of a dual soft graviton (4.30) and of a shadow
soft graviton have exactly the same form. The answer is in the affirmative, namely, as shown

HTt is convenient to replace

s — 1 . (Zl — 22)n+1
aal n62 — 661+2
1 (Z17Z2) 27T(7’L+1)! 1 Z1 — 22

n (4.23).
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in appendix B.11, we have for s; > 2, Ay € C

_ _ _ iK% Ka, < _
S[Nw] (21, 21)S[Ng, ) (22, 22) ~ = =22 D (=) 7 (Ag = 2)5, —n(s1)n(n+ 1)
881. 2T =0
co—2g0n | 215
X 6?1 8f1 n <Z4—A2 a?Ngnglfsl (Zl, Zl)> . (434)
12

This result is expected in the limiting case of the zero-area diamond s; = 2, where the
definitions of the shadow soft graviton and of the dual soft graviton should coincide. The
fact that the same correspondence of OPEs persists for higher spins is more surprising, and
may hint at the possible decomposition of shadowed operators S[Ny| with s > 2 into a local
part given by N, and a non-local part, which does not contribute in the OPE structure. We
leave a more detailed investigation of this point to future work.

4.3 Mixed-helicity sector

To study shadow OPEs in the mixed-helicity sector, the starting point is again the key
bracket (2.14). In fact, from the complex conjugate of that bracket for a positive helicity
graviton, we can obtain at the operatorial level the OPE

qiil (zla 21)N£2 (22, 22)

H2 - n—s as1—n an \T— Z,
~ 8’i81' Z(—) 1(A2 —+ Z)Sl_n(sl)n(n + 1)611 52(2’1, 2’2)82 NA2+1731 (ZQ, 2’2) . (4.35)
"n=0

This implies

- o _ K2 oL _ Lt _
Ns, (21, 21) Ny, (22, 22) ~ Sisy! S (=) (A + 2)31,,1(51)”5271233 Aot1-s, (72, 72) -
| &~ .

(4.36)

Before continuing, let us warn the reader that, for s; > 3, the OPE (4.36) should receive a

contribution including a pole in zj2, as already pointed out at the end of section 2.1.1. We

will ignore these extra terms in the rest of this section, as we will be mostly interested in the

case s1 = 0. However, once the full quadratic charge aspect expression is derived for a general

spin, the complete structure of the mixed-helicity OPE (4.36) can be obtained through its

bracket action, and some of the OPE formulas below straightforwardly generalized.
Taking the conformally soft limit on the second entry of (4.36), we obtain

2 S1 -n+1
_ - B K (s1+s2—n—4)g,—n 1 275 = _
N, ,z1)N. , ~ — E — O N, _ , . 4.37
s1 (zl Zl) 52(22 22) S — (81 n)| n! 2o 201 Vs81+82 1(22 22) ( )

The OPE (4.37) can be used to derive (see appendix B.12)
- ~ K2 s1+s9—4 s2—4 1 s9 — 4
N, Z1) N, Zo) ~ — |2 -2 E —_—
o1 (21, 21Ny (22, 22) ~ 5 [ e o (s1tnt2)2\ n

< 052 (0% (21, )05 Nay iy (22, )

1 zi5 _ = _
+ ST,<9§§+2 (Zi(? — 82— 51+ 21200) (45, 4 5,1 (22, 22)) } , (4.38)

— 26 —



which is valid for all dual soft gravitons (sy > 2). In order to compare the OPE structure
of dual soft gravitons with the one where we insert a shadow soft graviton in the second
entry instead, let us restrict to the case s; = 0 in (4.38); after some manipulations (see
appendix B.12), this yields

— - _ K2 1 e 25
No(z1, 21) N, (22, Z2) ~ 0 ct.— —(s24 2)2215 > 3/ (Z12 + (52 — 2)Z23) =5 It 3Ny, 1(23)
1 27 S 2,
+ 2’1_22(82 + 2+ 2’128;;2)(2 — 89 + 212522)]\752_1(22, 22) , (439)

where c.t. stands for the contact terms given by the sum contribution on the r.h.s. of (4.38).

We thus study now the OPE involving a shadow soft graviton. Restricting again to
the case RAy < 1, the OPE (4.36) yields (see appendix B.13 for the full expression for
a general Ay € C)

Ng, (21, 21)S[Ny, ) (22, 22)

S
KZQ KAQ K2 AQ-‘rl 51 i:i

~ n—si A 2 A o 3
8isy! 27 n! 2+ )51 n(sl) ( 2 )n
1 1 1 1
S|NA Z4). 4.40
/53 /54 213 2’23 51+A2 1 Zi3 1 23A 5§IA2—81+n [ A2+1—s1]<z47 Z4) ( )

We immediately notice that, for s; = 0, the OPE (4.36) is identical to (4.24), so when we
take the shadow of the second argument, we get

< - - K 1 A A Ao ——2-—1-As -
No(21,21)S[Np, | (22,22) ~ Qi —(3— A2) 3122 - %; 2/5 341 227242 411 SNy 41](20,7)
4

+Z1_22z%;'A2 (3—A2+21262)(§2 (21_21_A2S[N£2+1](22,22)>:| s (4.41)

which is identical to (4.28) and holds for a general Ay. It is an interesting observation that
the leading shadow negative-helicity soft graviton exhibits the same OPE than the leading
positive-helicity soft graviton. This is possible as both operators Ny, S [No] have the same
(A,J) = (1,0); clearly, this is no longer the case for s; > 1.

If we take the conformally soft limit on the second entry of (4.40). We get

Ng, (21, 21)S[Ns,] (22, 22)

2 % s1
K K1 52 K2 (2 So— 31) 1 _
" 8is! 2m nZ:% )TB = s2)si—a(s1)n(s1 + 52 — 4)n
1 11 1
S N - ) Z ) 4.42
/55 /34 213 22;"32 51 52 zl—?)n—l gi))A2 2;)4)4—52—514% [ S1+82 1](24 24) ( )

which holds for any s;, so > 0. However, we can use the integral identity (B.1) to compute
the integral in (zs3,Zz3) only for s; = 0 (otherwise we have hi + hy + hy < 2) — this is
why we explicitly worked out the case s; = 0 in (4.39) —. Therefore, restricting to this
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case, (4.42) yields'?

K2 1 —e-3-3-s, [ 213 z52 5

No(z1,71)S[Ns,] (22, 22) ~ Fri 2
3

+ 219 (52 + 2+ 2’1262)(2 — 89 + 21262)5[ So— 1](22, 22) . (443)

Clearly, the second lines on the r.h.s. of (4.39) and (4.43) have exactly the same form
upon the replacement N <+ S[N,]. In appendix B.13 we prove that in fact the first lines
as well have the same form, namely one can show that

s 252 _ z _
2y 2/5 é?’ 23725 Noye 1](23,»23):/5 (Zl2+(82—2)223)2315[ so—1)(23,23) . (4.44)
3 3 23

5 Shadow OPE in Yang-Mills

We can apply our algorithm to derive OPE between shadow/soft operators also in the case of
YM theory, using the celestial diamonds in figure 2. In this case we have the relations

S[ry](z, z) = 0°71 ; Goy1(21;2)r5(21, 21), for s>1 (5.1)
1
S[F,](z,2) = 9°T! ; G1_s(21;2)Fy(21, 71) for s=0, (5.2)
1
as well as
7s(z, 2) :/S /S G1_s(21;2)Goy1(22; 21)7r5(22, 22), for s=0 (5.3)
Fy(z,2) = 88115;1}7’5(2, Z) for s>1. (5.4)

In addition, we define the shadow conformal primary gluons as

L Ka g 11 i
SIFa) ) = 52 | —m s Fa G ), (55)
. 2m Jsy 255 28 2 8
. Kya 11 L
Fi(e2,2) = =2 /SB LN CHEN (5.6)
23 23

with the normalization constants given by

K = (_)27AF(3 - A)

A (5.7)
Ron— <—>Am | (5.8)

The corresponding expressions for the positive-helicity primaries FX are identical to the above
ones upon the exchange zs3 <> Z23. Analogously to the case of gravity, in the conformally
soft limit A — 1 — s (5.5) reduces to (5.2) only for s = 0, while for s > 1 the two sets of
operators Fy, S[F] share the same weights (A, J) = (14 s,1) but otherwise they are apriori
different; nevertheless, we will provide evidence that they share the same OPE structure
in this case as well.

12 After performing the integral over (23, 23), we relabeled z4 — z3.
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5.1 Same-helicity sector

We start again from the same-helicity sector, namely the sector that can be studied starting
from the OPE

S1

ab
Fsﬁ(zlail)Fgf(Zz,@)N—Zf:x' ];12 S (=) "(n) (Ag = 2)s, 210" FAC_, (22, 72),
! = !

(5.9)

which follows from the bracket (2.40) via the correspondence (2.43). Assuming a general
As € C, if we take the shadow of the second entry, we get (see appendix C.1)

Fl (21,7 )S[FA_;’] (22, 22)

2 Ka, K. e s
— AL pab D8 22 A?*lZ( ) ”<;><A2—2>31_n[

471! 2w
L 1 1 1 —c _

X (1— A9+ s1)n /53 /54 213" zg 1+A2 s1n 7, ZégAQ %IAQ,SI S[FA2_81}(z4, Z4)
+ i . (1— Az +s1) / / 1 1

k=1 k ? =k Sy 213 Zg) 1+A2 s1+n—k 75 Ao

1 — —
x 8§ <z1+A2sl> S[FAQC_SI](Z%ZAJ} . (5.10)
34

Performing the conformally soft limit on the second entry, we further arrive at (see ap-
pendix C.1)

gYM (51 + 52)31 fab Ki_ S2 K1+52+51 i (Sl)n

a = b =
Foa2)SF (e, ) ~ =15 2 or o nl

n=0

1 1 1 1
=5 5 SFs s, (24, Z4)
+ 4,~4) -
/53 /34 213" 22;52 e S1H1 215 253 z§ 52751 S1TE2

(5.11)

This is the YM equivalent of the OPE (4.33).

Starting from the OPE (5.9), we can alternatively derive the OPE between a dual soft
gluon and a negative-helicity conformal primary gluon. In light of different nature of the two
s =0 and s > 1 sectors, as pointed out above, we proceed by studying the two separately.

For s; = 0, taking the shadow of the first entry in (5.9), we have

ab
S[Fg](zl, El)FEQb(ZQ, 22) ~ —im CFXZC(ZQ, 22) . (512)

If we further take the shadow of the second argument for a general As € C, we get (see
appendix C.2)

et w [ L ey -
SUFS)(er. 2)SFR e, 22) ~ — 1203 1 | S-S )

(2—A2) Ay-3-a YN _
- 27r72122 25 /53 %31 Z23 231 S[FAE](ZSaZB) .

(5.13)
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The OPE above can be used, taking the conformally soft limit As — 1, to derive

a _ I3 ey | 1 L /e, - des -
SUFS) 1, 2SI (20, 22) ~ —i 2800, | () (20, 20) + 2 (G 22) = 7 (1,20)|

(5.14)

Eq. (5.14) is reminiscent of the structure of the OPE (4.15) of the energy-momentum tensor
with itself in gravity, with the contribution in 21_22 on the r.h.s. above, which we can write as

1 L 11 / 1 )
70 (22, 20) — 75 (21, 21) ) = — — Fo(zs, z3), 5.15
2 () =i a)) = oo | R ) (5.15)
and representing an obstruction to the realization of a holomorphic Kac-Moody symmetry.
Moreover, to continue the analogy with gravity (4.17), we see from the OPE

1 1
S[FO](zl,zl)aS[FO](zg,zg) ~ —’LgYM fab |: 2 F(JC(ZQ,,gQ) + 77‘(1)0(22,52) (516)
4r 219 Z12

that the first term in the square brackets above represents an obstruction to the holomorphicity
condition dS[Fy] = 0.

Of course, these concerns are unmotivated in the case of YM theory. In fact, as we know
very well from [61], a holomorphic Kac-Moody current insertion is a positive helicity soft gluon
insertion, not a shadow transform of a negative soft gluon insertion; this follows immediately
from the structure of the OPE (5.20), which corresponds to the insertion of a holomorphic
Kac-Moody current. Taking the double-soft limit A;, Ay — 1 of (2.42) then yields the
Ward identity of a holomorphic Kac-Moody symmetry for the gauge group G [61], with no
obstruction to the holomorphicity condition. The reason why leading soft gluon operators
are the natural candidates to play the role of (anti-)holomorphic Kac-Moody currents is clear
from the conformal dimension of the operator appearing on the r.h.s. of the OPE of two
primary gluons. In fact, we see for instance in (2.42) that the primary gluon on the r.h.s.
has conformal dimension A; + Ay — 1. This means that the expected OPE of a Kac-Moody
current requires a first entry insertion such that A; = 1, which happens to be exactly the
conformal dimension of a Kac-Moody current. In this case then, the positive-helicity leading
soft gluons F, defined as Resa—; F'¥, is the natural object to consider as a holomorphic
Kac-Moody current;'? there is no need to take any shadow transform, despite the fact that
the operators S[Fp] and Fp have the same OPE structure when appearing as the first entry
of the OPE (we will clarify further this point in the next section).

The case of gravity is different as, on the r.h.s. of (2.18), the primary graviton operator
has conformal dimension A; + As, requiring a first entry insertion on the lL.h.s. of an operator
with A1 = 0 in order to be compatible with an energy-momentum tensor action; the natural
candidate would then be the positive helicity sub-leading soft graviton N; = ResAZONX.
However, in this case A; = 0 does not match the conformal dimension of an energy-momentum
tensor, which is A = 2. Hence, in gravity, the shadow transform of a negative-helicity sub-
leading soft graviton comes to the rescue and it allows us to construct an operator with the
right (A, J) = (2,2) and able to reproduce the OPE of a positive-helicity energy-momentum

13The operator Fy has also the correct spin J = 1 of a holomorphic Kac-Moody current.
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tensor. At the same time, this need to involve the shadow transform is also at the origin
of the issue with the TT-OPE revisited in section 4.1.
For s; > 1, we can use (5.4) to write first

F2 (21, 21) FR (22, 22)
S1

2 —
~ —i%fabc Z(—)Slin(sl)r,xAQ - 2)51_n8f1_16f1_n52(21, 22)8"FA_§_51 (2’2, 52) . (5.17)
: n=0

Taking the shadow transform of the second entry then, it is straightforward to derive the OPE

S1

5 2
Fe(21,21)S[FR") (23, 23) ~ — i IR, b D (=) (51)n (A2 = 2)sy

478! =
- g1
x o5t (Z?A? IFAS_ (21, 21)> . (5.18)
12

As in the case of gravity (section 4.2), we can now ask whether replacing the dual soft
gluon in the first entry above with a shadow soft gluon yields the same OPE. Not surprisingly,
as shown in appendix C.3, the answer is again in the affirmative, namely

S1

2
S[F:l](zlvgl)S[FKQb](Z%EQ) ~ = '49YM KAzfabc Z(_)Sl_n(sl)n(AQ - 2)31—71

ms1! o
—Aos—1

X éfl—lafl—n (;2—& anpgs_s(zl, 51)) . (5.19)
12

5.2 Mixed-helicity sector

In this case, the starting point OPE is

2 ab S1
Fa = F—b o) o i 9yMm f [¢ _\s1—n (Sl)n A _3n énF—c = 5.20
5 (21, 21) A2(22722) Z47T81! 1 nzzjo( ) ol (A2)s;-nZ12 Az—sl(z2’22>7 ( )

that follows immediately from the bracket action (2.40). For s; = 0, this gives the OPE

2
- N GYM pab L o _
Fél(zl, Zl)FA2 (22, ZQ) ~ — ?Jw 0712FA§(22’ 22) . (5'21)
The r.h.s. of (5.21) is identical to (5.12); consequently, if we take the shadow of the second
argument, we get,
Fy(21,%21)S[F)) (22, 22)

1-Ay

2
9YM pab | 1 —c - 1 A—3—A/ Z31 —c -
~ — F — 2—-A 2 2 F . (5.22

ar ST 2125[ 872 72) 27r( 2434 S3 5235?5A125[ .l ) (522)

As in the case of gravity, the two operators S[Fyl, Fy, sharing the same (A,J) = (1,1),
exhibit the same OPEs. As we did in the case of gravity, it is interesting to compare these
observations with the findings of [51]. There the correspondence of OPEs (5.22) and (5.13)
finds confirmation (see, respectively, the conformally soft limits A; — 1 of eq’s (3.21) and
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(3.22) in [51]). However, the expression they find corresponds only to the local part of the
r.h.s. of (5.22), up to a sign difference. Such a mismatch is exactly analogous to what we
observed for the case of the energy-momentum tensor in gravity.

If we take the conformally soft limit of the second entry, we get

Fé‘(zl, El)S[Fb ](22, 52)

s1—s2 S2 =So—1
gYM ab [ 1 e _ (s24+1) z15 / 233752 .
~ S S . -23
1 f 19 [ sz](ZQa 22) or i9§+2 S5 %03 [1 82](23, 23) (5 )

Let us now come back to an observation made above. If we take the double leading soft
limit of (2.42), we obtain

FO (21, Z1)F0 (22, ZQ) ~ —ZgZM fab L FOC(ZQ, 52) s (5.24)

m 212

which is the expected Ward identity of a holomorphic Kac-Moody symmetry. If the corre-
spondence in the OPE structures of Fy and S[Fy] were completely general, one might expect
that replacing Fy — S[Fp] in the second entry of (5.24), would preserve the same structure
on the r.h.s. However, what we actually obtain specializing (5.23) to the case sy = 0 is

1 212 1

— 1
(o1 21)STR (20, 2) ~ —i20 gt [ L giey . 2 4 L

S[Fy)(#3, Z
47_(_ 212 27_[_ 212 SS 213223 [ 0]( 3 3) Y

(5.25)

which is manifestly different. This shows that the correspondence S[Fy] ~ Fy in OPEs
only applies to the first entry.
For s9 > 1, as we show in appendix C.4, the OPE (5.23) can be recast in the form

_ 2 1 (sg+1) 1 P
e = SFb = N_-M ab — _S[F¢ = / 13SFC = .
0 (21,21)S[Fy,|(22,22) ~—i in [ . [F,](22,22)+ on 237 Js, 2 [Fs,](23,23)

(5.26)

We now would like to compare this OPE with the one where in the second entry we
replace the shadow soft gluon with the dual soft gluon F 595 With sg > 1. To this purpose, we
can work in the more general case of an arbitrary s; > 0 and derive first (see appendix C.5)

. ) ) w12 _
F& (21, 721)S[ri] (22, 22) ~ _29;1;4]0 bc[uS[r 1(22, z2)

—2
—2m(s1+s2—1) St 8222 ﬁaﬁz(zl )05 T gy (22, 2)
S B RS TR e 3]

(5.27)

where the last sum contribution vanishes for s, = 1, consistently with the fact that S[ri] = F}.
Next, if we apply OSQH to (5.27), we obtain

Fa (. s \Eb (4 > TN pab [ (s KL 2L ke e ~
Fsl(zlazl)FSQ(ZQaZQ)N_Z An / C{ E k 81‘ Zk_Ha S[ 31—1—32]('22722)
k=0 12

S2+S$ —2 22 52— s an S n =
27T(52+51].)< 2 511 ) Z Ma 2+l (82 52(21,22)822 —2- F81+82(22722)):| .

(5.28)
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For the case s1 = 0, (5.28) yields

82+1

_ - _ 1 (s2 + 1) -
Fg(21,21) F2, (22, 22) ~ —Zgﬁﬁfab {2 (22, 22) + Z 2k+1 o3RS (e ) (20, 22)
1 212

So—2 1

—27(s9 — 1) Z nt 1)

n=0

—2 a A82—2—"n e =
(82n >a§2+1 (8352(@,22)652 2 FSQ(ZQ,ZQ)):| . (5.29)

If we ignore for the moment the contact terms appearing in the second line on the r.h.s.
of (5.29), we see that the terms o 275 in both (5.26) and (5.29) have the same form, upon
the replacement S[Fy| <> F,. A natural question is wether, upon the same replacement, also
the sum term in the first line of (5.29) can be matched with the integral term on the r.h.s.
of (5.26). To answer the question, we use the celestial diamond in figure 2(b) to rewrite

so+1 (S 82+1 s9
2+ 1k qent1-k (s2+ 1) +1—k [ %23
052 S 29, 22) 052 —=2 FC 23, 23
1;1 7 Il 2“2' kzl A5t sy Bag) T2l %)
(s2+1) 1 / 213 ~ _
= —=F¢ . 5.30
g s, ) (5.50)

We thus see that, up to contact terms in the second line on the r.h.s. of (5.29), the OPE (5.26)
and (5.29) have the same form, upon the replacement S[F,] <+ Fj, in complete analogy
to the gravity case (section 4.3).

For completeness, if we take the shadow transform of the first entry in (5.22), we obtain

S[F§)(21,21) S[Fx L) (22, Z2)

2 2— AQ
IYM pab | L 1 As—2-A 1/ 231 e _
~ M pab | L g b Agee2lel [ B grp . (531
i e ZIQS[ Ay (22, 22) po2z i [ e 9z, 23) | - (5.31)

Finally, let us point out that, as in the case of the energy-momentum tensor in gravity,
the holomorphicity condition 9S[Fp] = 0 does not receive any obstruction from the mixed-
helicity OPE

S[F§) (21, 21)0S[Fg) (22, 22) ~ —i

1
gYMfab (_ F8(22722)) , (532>
am Z12

as the r.h.s. generates only contact terms when inserted in a correlation function where all
of the other operators are hard.

6 Conclusions

The charge OPE/bracket correspondence (1.2) represents a useful and insightful tool to
translate between CCF'T techniques and phase space formalism, allowing to connect results
in scattering amplitudes to implications of asymptotic charge evolution equations and the
Poisson structure of radiative modes.

We have first exploited this correspondence to fix a prescription to perform the double-soft
limit of celestial OPEs. The prescription corresponds to a sequential limit where the first
entry of the OPE goes soft first. It has been pointed out in several places in the literature
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that a sequential limit would violate the symmetry structure of one of the two helicity sectors.
The fate of asymptotic symmetries in the mixed-helicity sector will be the main topic of our
forthcoming companion paper [23], where an interplay between mixed-helicity bracket and
shadow charges will be revealed. We hope that such connection described through techniques
of the covariant phase space framework can be applied to investigate the associativity of
mixed-helicity OPEs via the charge OPE/bracket correspondence (see [39, 40, 68, 69] for
the issue of associativity of the celestial OPE).

As a second step of this work, we have applied the charge OPE/bracket correspondence,
together with the celestial diamond organization of CCFT primaries and their descendants, to
derive OPEs involving shadow operators. The agnostic nature of the charge bracket towards
collinear limits in momentum space allowed us to deal with the non-local nature of the shadow
transform and reveal a non-local analytic structure of the OPE.

Moreover, we have verified that, up to possible contact terms, dual soft gravitons and
gluons exhibit the same OPE structure than shadow soft gravitons and gluons; more precisely,
starting from an OPE involving N, (or Fy) one can obtain the equivalent OPE involving
S[N;] (or S[Fy]) simply replacing Ny — S[Ns] everywhere. This is not an obvious property of
CCFT as dual soft gravitons/gluons, defined as the bottom corner of celestial diamonds for
s > 2,8 > 1 respectively, do share the same weights (A, J) than shadow soft gravitons/gluons,
but they are apriori different operators. In fact, the duality pairing and the shadow transform
correspond to different maps between SL(2, C) representations acting on L?(C) [41]; neverthe-
less, their OPE similarity may prove to be a useful technical tool in computing shadow OPEs,
given the local expressions of the dual operators (bottom corners) in terms of their soft modes
partners (top corners), as compared to the non-local nature of their corresponding shadow
operators. It would be desirable to develop a more precise group theoretical understanding of
this celestial OPE property, as well as a more physical intuition of its origin.

The shadow transform plays a key role in the study of soft symmetries, providing a
definition of energy-momentum tensor for the dual CFT [18-20]. Moreover, the shadow
transform of conformal primary operators has appeared in the definition of boundary ob-
servables constructed from an Euclidean path integral in the asymptotic boundary limit of
an asymptotically flat space-time [30, 70], in analogy with the AdS-CFT correspondence.
Advantages of using the shadow conformal primary basis over the standard one, when com-
puting celestial four-point amplitudes, have been pointed out in [32-35]. At the same time,
shadow-transformed operators pose the puzzle of an over-complete basis for conformal primary
states [5]. These are all indications that a deeper characterization of the sought after CCFT
cannot occur without a clearer understanding of the role of shadow operators and their
relation to non-shadowed basis elements of opposite (w.r.t. the operator being shadowed)
helicity. We expect that the OPEs derived in this work can prove useful to such investigation.
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A Mixed-helicity charge bracket in Yang-Mills

If we require the vector potential to belong to the Schwartz space S, a discrete basis can be
used to describe the phase space of the Yang-Mills theory [42]. In complete analogy with
the case of gravity, we can introduce memory observables F 4 (n, z, Z), and Goldstone bosons
Ay (n,z,z),n € Zy. This can be done by first decomposing the fields as

A (u, 2,2) = Ay (u, 2, 2) + A (u, 2, 2), (A1)
F3(u,2,2) = F_(u,2,2) + Fi (u,2,2), (A.2)
and then'4
1 2 (—in) n ptoo
Ay(u,2,2) = — (=) Ayl 2,2), Fi(n,z,z):= Z—/ duv"Fy(u,z,z).
2 e 1l n!J_so
(A.3)

In this discrete basis, the symplectic potential (2.38) can be written as ©YM = @IM +

OYM " where
1 o0
[ShEe— /Tr? n,z,2)04% (n, z, 2)], A4
P s [, T 0t ) (A1)

from which we can read off the only non-trivial commutator of the quantum theory
[F4 (1, 2,2), A (m, 2/, 7)) = 27 G310 0% (2, 2'). (A.5)

Similarly, the charge aspects can be decomposed in terms of positive and negative
energy parts

rf(z, z) = r§+(z, Z) + r];_(z, z), (A.6)

where the linear and quadratic charge aspect operators are expressed as

rii(z2) = —i 0" FL (5,2, %), (A7)
_ i e (L1  nsem _
re(z,2) = —gZZ (g.)ean [éﬂi(&z,Z),@ 91(5+€,z,2)}g
{=0n=0 :

_ " Z Z(_)n%@a*" [g«g(s +0,2,2),0"dL (0, 2, Z)L] . (A8)

The alternative expression of the quadratic charge aspect in the second line of (A.8) was not
derived in [42], but it can be obtained using the same identities applied in the case of gravity
in [14] (see appendix G.1 there); we omit the explicit derivation here.

14The rigorous definition of the memory observables % (n, z, Z) requires a contour prescription; the precise
details can be found in [42].
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Given this expression of the quadratic charge aspect, we can use the commutator (A.5)
to compute the action

[7"3;1_‘_(21, 21)7 sz—(‘sZ’ 22, 22)]

S1

: 2S1 fa n + —Dsi—n os,-n .\ an
= —zg%MZ Lf bc Z(—) (51 + 52 Jo1- o' ( (81 + s2, 21, 21)0] 52(21722))

n=0 (81 - n)'

o Ny s1+82— 1), (n s
— _lg%’MZ81fabCZ (Z(_)S1+n( 1 2 )'rl ( )é 8{‘0}:3_(81 + SQ,Zl,Zl)afl 652(21,22)

| |
=\ n! il

= —ig2y\ it o i ! (51452 = 1) HFC (s1 4 s2,21,21)0 6% (21, 22)
IYm CZ:O (81—1—82—5—1)5!(51—5)!(82—2)! 1+ 2 <b 1% =2
51 /S1—P _\l4p 1\
_ ;.2 s—s1pab ( ) (81 + 82 1)
gyt e z_: (;) (s1+s2—0—1)0p!(s1 — € —p)!(s2 —2)!
X 881 “Pge (81 + 82,22,22)61(5 (21,2’2)
2 -s1+1 pab o~ (51452 =P —2)s5,-2 P C —p 52
= —gyni T f CZ (52 9)1 OEF L (s1+ 82, 22,22)07" P6%(21, 22) , (A.9)
p=0
where we used
i(_)sl+n(51+52—1)n (n)g _ 1 (s1+ s2 —1)!
oy n! /! (s1+s3—L—1)0(s1 —£)!(sg —2)!"
(A.10)
s1i7p —\+p — 1\ —
Z (-) (51452 —1)! _ (_)51 (s2+p 2)17 ) (All)
= (s14+s2—£—1)lpl(s1 — £ —p)!(s2 — 2)! p!

The action (A.9), can be used to compute in a straightforward manner the commutator

(2%, (21, 21), 7i2, (20, 2)]

s
_ i1+81+829%/1\/[fabc Z (81 + 8(282 _n2) )82 2652+1(881 n52(
n=0

21, 22)3§9i(81 + 82, 22, 22))‘
(A.12)

A similar result for the negative-energy counterpart of (A.12) can be obtained by performing

the substitutions re, — 75—, & — 0, F(s) — F_(s). Putting the two sectors together,
one obtains

[r29(21, 21), 7ol (22, 22)]
. * (s1+s2—n— _ _ ~
— g 3 I T 0 ey )0 (), (A
n=0
where one uses that Fy(z,z) = —i*‘*’?i(s,z,é) — i°F_(s,2,z). The Hermitian conjugate

of this commutator yields (3.8).
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B Shadow OPE in gravity

In this appendix, as well as in appendix C, we will repeatedly use the integral identity [71]

1 11 1 1 1 1 P SR S
= [ e = Cecli T T B
T /Sy 231 233 234 Zyl Zy3 2y
with
O D(1—h))D(1 —ho)T'(1 — hy)  T(L—hy)(1 — ho)T(1 — hy) (B.2)
2 T'(h1)D(h2)T (ha) T(h1)T(h2)T (ha) ’ '
which holds for
h1+h2—|—h4:iL1+iL2—|—B4 =2 and hz—iLl €Z,i=1,24. (B.?))

Also, in order to avoid extra cluttering, we adopt the notation (z) := (z, 2).

B.1 TS[Nj]

We start from (4.13) and (4.7), (4.8) and we want to derive the OPEs (4.14). Assuming
RA, < 1, we have

- 2 —Ao
ke 1 KAQ/ 253 [ 1 1 B ]
~N Ay —2)—N 2—0,.N
8 2 27 Ss 233 Ao ( 2 )Z% Ag (23) + 213 234V Ag (23)
. 9 _As
ik 1 Kp, KQ,AQ / 253 [ 1 } / 1 1 _
~ T 5= Ay —2 2—0,.| % SIN
8 27 2w 2 S3 ng A ( 2 )213 T 213 #3 Sa Z:éf 2 A2+2 [ AQ](Z4)
2 —As
ik? 1 Kp, K z 11 1 _
N UL Rag Kaoag / / 32 [ +2] ——5 x5 SINA, 1 (24)
8 2w 27 2w S, JSs 232 A2 | 291 234 231 2822 20
2
ke 1 KA2 KQ Ko, / </ 1 1
~N e Ay —2)0 20 _—
8 2m 2m  2m S4[( 2= )0+ 202 Sa 231 235 2

1 1 1 -
Ar—2 _—A5 A2+2)S[NA2](Z4)
z34 " 23

ik? 1 Kp, Ko_n, 1 1 1
L1 = Ay — 20, +29..10 /
8 21 2 2w (Ay—3) /34[( 2 021 +2024] Z4< Ss 231 2o )

32

1 1 1 _

e e LA
34 32 34

) - 1
~ S —2)0,, + 20,
- K2—A20124(A2 =3 /s (A2 —2)0,, + 20,]

Ag—4 3—Ag =Ag+1-—1-—Ap—1 -
><6z4<2122 241 22122 Zoy Zay )S[NAQ](Z%)

~ _ELKA2K2—A C124#/ [(AQ _2)82 +283 ]((3—A2)2A2 422 Ag
8 27T 27_‘_ 2 (AQ_S) S4 1 4 12 41

% ZlAQ2+12241§4_1A2 1 o ZAz 4221 As A22+1(52(Z2, Z4)Z4_1A2_1)S[N£2](Z4). (B4>
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This becomes

iK? 1 _
T(Zl)S[NAQ]( z) ~ " 167 ( —(4- A2)3751A22 i 1A22Jrl o Zzh A2 2242241241 15[ ](24)
Sy
_ _ 1 _ A
— (3= Aa)arfy 0 G o [ AT E T SING ()
™ JSy
2 - Do+ 2120.,)SING, (20) ). (1.5)

where the second row on the r.h.s. above only contributes when Ay < —2.

B.2 TS[Nj]
To compute the OPE (4.21), we start with

1
iK?

G (2N, (22) ~ =5 3 ()" (Do + Daoa(Unln + DI (21, 2) 0N, (2)
n=0
. 2 _ )
~ _% { — (Ag +2)8.,6%(21, 22) N, (22) + 26 (21, ZQ)GZZNAQ(@)] ., (B.6)
from which

T(z1)Ny, (z2)

i L 5,62 - 2 _
~ l6n { — (A2 +2) /S Eazﬂs (21,22) Ny, (22) +2 Ao Z(S (21, 22)0s, NAQ(ZQ)}

167 [ 2+ G —7) A, (22) + P AQ(zg)}. (B.7)

If we take the shadow of the second argument with R(Ay) < 1, we have

T(21)S[Ny,)(22)

’iHZ KA2 22A32 1 1
~ T Ia Ay +2)—= N, 2= 9..N<
167T 27'(' /S3 3;13 Ag |:( 2 + )223 Ao (23) + 213 823 Ao (23):|
ZH KAQ K2 Ag/ / |: 1 1 - :|
16w 2m s sy 2™ 233 e )2%3 Ziz
1 1
X { Ao—2 A2+2S[NA2]( )}
%34

mKAQKQA2 +2// {11 Lo, 1 1}

16w 2r 27 Sy /Sy zgy B2 z@f 2123 s et T g sl tR
X S[Nyp,l(z4)

ik? Kpa, Ko_p, 1
16w 27 2n (A +1)

x SNy, ] (2a)

1 1{11 1

Ay +2)3,,0., + 257 /
/54(( 2 ) z21Yz4 24) S5 Z§2A Agx—2 3A 2§2+1

231 2z

1K f(2—A 1
~— K 20
167 22 270 PN(A,+

x SNy, ] (2a)

= = 5 A Ag =Dy ——A
0 /S ((A2+2)821624+2834)|:Z122 Svon vy ER AL 1}
4
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’ilﬁ:Q f{ZfA 1 _ 3 Ap—Ag——Agel
~ _16771’KA2 o 2C’124 (AQ i 1) |:(A2 + 2)831 |: — 27 /54 2’122 5 (22724)2,41 Z122Z4 2—

—Ag Ao ——Ao— —
— (A2 —+ 1)/5 21A22 3224 Z41 2122Z4 2 ]S[NAQ](Z4)

4

-2 ; [— Iz 362 (29, 24) 2oy D202 Z 0T
4

— (A2 + )3122 33241221 A2751A2254_1A2 2]8@5[]\@2](24)}
’L.KI2 __9 _ —_—173 _
~ { — AsF2SINE,|(20) + 2578 [N G, |(22)

1 Ao Ao _
+ (Ag +2)(Ay + 1)A22A2 321A22 12— 2211224221 A2241A2 3S[NA2](z4)

1 - _ _
—(A2+2)(A2+1)§3z1 Z1A22 ’ 212/ g 2 22 QS[NAQ](Z@ . (B.8)

B3 TT

If we take the subleading conformally soft limit (residue in Ay = 0) of (B.5), we get

T(21)T(22)

~ —j/g; :_ 24215 2122i Sy %%T( )+ (4 2Z128Z2>T(Z2)}

N —igjr [ 2421_25 21 (2422:4214 n 2422;2214) 824q1(24) + 275 (4 + 22120,,)T (2 )}
~— igi 24275 217r /54 (Zi — 212120 (21, 24) + 2‘?4 — 2m2120% (24, 22)) 02,01 (21)

T zma@):r(@)}

ik2[ _ B } ~ B ) i
~ oo {2122(2 + 2120:,)T(22) = 24235 (=l (1) + @1 (22) ) — 1225102131 (1) + aZQq}(zQ))} ,

(B.9)
Let us write the terms in the last line above as
24 1 1 24 1 1
—q = N — N
= @) -de) = 5 [(SMme - sne)
1 24 1
-/ Ni(2), (B.10)
T 2m 2k Js (= 2) (21 — 2)

and analogously

1122 (822q1(22) + 0., d1 (21)) = _217rzl;2/5 ((22_13)2NI(Z> + (zliz)2N1<z))

1 12/ 22 — 2212 + 23 — 2202 + 222
2wty Js (20 — 2)2%(21 — 2)?

Ni(z).  (B.11)
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We thus have

24 4 4 12 5 5 -1 __16/ 1
= (@) —aiG0) + 2 (9adi(2) +000l0) =~ | i)
(B.12)

B.4 TOT
The OPE (4.17) can be computed starting from the conformally soft limit Ay — 0 of (4.13), i.e.

1K

Tl(zl)Nl(Zz) ~ —:i /S ! [8252(27 ZQ)Nl(Zg) + (52(2’, ZQ)@ZQNl(ZQ):|

4 27 21— 2

Z'/i2 1 9 1 )

ik? 1 1 1
~—— | = o | N1 (22), B.1
4 QTF[ (21—22)24_21—2’282} 1(=2) (B.13)
and applying!® 85’2
Tl(z1)83N1(zQ)
iK? 1 3 1 ) 1
~—— | = ) Ni(22) — — ) oN
4 2%{ %2, ((z1 — 22)2) 1(z2) - 39, ((z1 — 22)2) ON:(2)
1 9 1 3 3 < 1 >
—30., (———— ) &Ni(2) — [ ——— | &N —— )ON
0 (G ze) )~ () Mo+ 0% (525 ) omice
1
1302, < > PN, (2) + 30, ( ) PPN (29) + 04N1(ZQ)]
21 — 29 21 — 22 21 — 22
iKk? 1 1 1
~—— 24— _Ny(29) — 12— 8N
1 or [ CEESE 1(22) o= 22)46 1(22)
1
+ 22— 03Ny (22) + D' Ny (2 } B.14
=) 1(22) po—— 1(22) (B.14)
B.5 TT
If we take the residue in Ay = 0 of (B.8), we get
_ Z'/QZ _
T(2)T(22) ~ — 1o [221_218T(22) —92.8%(21, 22) /S T ()

K2

~—— [QZﬁléT(zz) — 02 (62(,21, 22)/ 22_4122154_121—'(24))
167 ' Si

— 60, (52(21,2'2)/5 22_41z2124_12T(Z4)) - 652(zl,z2)/s z;l12412L2T(z4)]
4 4
iK?

167

~ —

[QZmlaT(zz)+a§152(z1,z2)az2 /S 2050 T (24)
4

+ 6831 52(21, 22)62«2 . 24254_21T(24) + 652(Z1, 22)52«2 . 24_21T(Z4)]
4 4
i ——15 2 2 A1
~ = . Z15 0T (22) — 2778326 (21, 22)0q; (22)

— 67?32252(2’1, z2)5ag{(22) — 67r52(,z1, z2)582(ﬁ(2/2)] . (B.15)

5From the celestial diamond in figure 1(a), we see that 9T = 9°Ny.
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B.6 Commuting shadow transform and soft limit
The same expressions for the OPEs (4.15), (4.22) can be derived by performing the second
conformally-soft limit first and then taking the shadow transform of the second entry. We

start by showing the commutativity of these two operations in the same-helicity sector. In
this case, the relevant charge aspect bracket is

(@ 1/:’11 _ 1+7”len n 2
qi(2),41 ()} 822 | |90 ()06 (=, 7))

/{2
= 20 (02 N1 ()02 (2, 2') + Ni(2)8:0(2, ) ). (B.16)

Recalling the relation (4.11), we can compute the TT-OPE from the double shadow transform

TT(e)
—-igs [ [ oo R @)
- fg;g/ai( —) (le_zazézqﬁz)—az (-1 ade)
N 167r (az {a ( 2—Z> 211—2] O:a1(2) = 0: {62 (221—Z) az(»zll—z)]cﬁ(z))
—ﬁ 5 ((22.2)) —— | 9 (2) - 02 () 0 () @)
87T 21— 2 A1z
([ (o) #ena] i) - |02 () o (R(ar.2) | al o))
[ (L tuiten) o2 (0. (1 ) i)

81<21 )Zlqmzn a(@ﬁ(@iﬁ)ﬁ(«))]

k2T 1 2 12 24
:———ZT T(2) — — (D.,Gt ., d1 — () - ]
8 |:22128 2 (Z2> + 2%2 (2'2) 2%2 (8 241 (2'2) +0 14 (Zl)) 2?2 (ql (22) qq (Zl>) ,

(B.17)

where in the first passage we used the celestial diamond relation N; = d¢;. We thus recover
exactly (4.15).

In the mixed-helicity sector, the relevant charge aspect bracket is

2
{@(2),q1 ()} = —Zaﬁ, (N1(2)056%(2, 7)), (B.18)
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and the TT-OPE can be obtained from
— K,
T(z1)T - 3, (N 262(2, 2/
@07 () =i g [ [ S o 002 2)
K 1 1
Zf/ % <22 - z> 0z (zl - le(Z)>

k2 1 1
= —i——9 [—N
"4 2% (512 1(22)>

2 1 1 _
= —2%2— <8N1(z2) — 676> (21, 22)8 8q1 (z2) — 67r8Z252(21, 22)08(}}(,22)
T\ Z12

902 6%, zz)éq}(z2)> , (B.19)

where in the last passage we used again the celestial diamond relation Ny = 9§;; hence again,
we exactly reproduce the expression (4.22). Notice that the second to the last row coincides
with the (complex conjugate) expression given in eq. (4.23) of [20].

B.7 S[Np]S[N1]

The OPE (4.27) is obtained as follows

S[No](21)S[N1](22)

12 > =~
ik 1 3! 1 21—z
~ = No(2
8 272w /s/ (29— 2)4 21 — 2/ 0()

. 2 —
ik 1 3! - 1 z1— 2\ .
S e (i) ae

8 272w 29 — 24 21 —
ik? 1 3 zZ—7 1.5 N1
- 827r27r/s< 2 a D202 (20, ) — A0l )
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T 2”W52(zh z’))qé(Z’)
ik? 1 3! 1, Z 4 3 T 4,
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1 _
+ 2ﬂm(52(2’17 Z’)Q&@’))
~ 827r[ 3102 < 123zg(Io(Z2)> 3,322 (CI0(22)> + 2%2(10(21)}
iKk? z - 1 -
~ o35 220,08 + (@) — b))
T Z12 212
ik* 3! 219 = . 1212 1 Z12
~ 8271'[ 7;12822(]6(2 ) 822822(]0(22) 25 2 8Z2822 0( ) az28z2 0( )
L5 1 1 2 1 4
T Go(22) — 23 8Z2q0(22) 2% 3 2(10(22) 8Z2q0(22) + zTQO(Zl)
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i/ﬂz Z12 1
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T 212 %12 212
_ 1 _
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Z12 12 1 212
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B.8 S[NoJS[Na,]

In order to derive the OPE (4.28), we take the shadow transform of the second entry in (4.24);
restricting to A, < 1, we have

S[NoJ(21)S[Np,](22)
w2 Ka, Ko (an11) 11 1 1 1 1 _
8@ 2m 2 /54 {/53 213 223 —Ay _Ap—1 -1 _—A, —3+A2}S[NA2+1]( 4)

234  F13 %93 234
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8Z 27 27 S LJss 213 24 Ag (3—A ) 24 Ag—3 5—1 ——Ag —3+A,
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8i (3—Ag)2 27 27 Sy

52 [/ 1 1 1 1 1 1
24 4—Noy A -1 _—A 73+A
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4
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4

20,0, (4 225N, ()| (B.21)

if we use the explicit form of the constants (4.10), (4.9), (B.2), we arrive at

I£2

SN2V, (22) ~ 5 | = (3 = Badag sty ™2l [ alrAamRaimAsINg, ()
4

b (3o A +z12am)azg (5285, l(e) |
(B.22)
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Otherwise, if we take the case ®Ay > 1, we obtain

S[Nol(21)S[Na, ) (22)
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With further manipulations, this expression reduces to (B.22).

B.9 N,,S[Ny,]

The OPE (4.32) is obtained from (4.31) computing

Ng, (21, 21)S[Ny, (22, 22)

2 ul A2 n+l
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B.10 N, S[N,]
If we take the conformally soft limit on the second entry in the OPE (B.24), we get
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k—1
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where 0(z) is the Heaviside function; the sum over ¢ in the second contribution in the square
brackets above is different from zero only for ¢ = 3 — s1 — s2, and we thus arrive at

N, (21)5[Ns,] (22)
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Here, in the last step, we use that the power of z34 is such that so+s1—n+14+p > so+1>1,
so integrating it against the Dirac delta always yields zero. This derivation proves that the
potential additional terms one has when As = 1—3s9 > s1 —2 do never contribute for s, s9 > 0.

B.11 S[N,]S[Na,]
The OPE (4.34) can be derived starting from the first line of (B.24) and computing
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23

Here, in taking the shadow of Ny, we defined the latter as the limit of an operator with
conformal dimension Aq, for A7 — 1 — s1. This definition has to be understood as a
regulatization procedure we adopted in order to properly cancel out divergent I'-functions
that arise in the calculation at Ay = 1 — s1. To put the integral in its final form, it was
essential to rewrite the exponent of Zj3 as 1 = lima, 15, (A1 + s1) in the 3rd step. Given
this final expression, we can now use (4.9) and the conformal integral identity [71]
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27r/53 23 252 ghy 2 (21,22) T'(2—2h)(2h) (21,22) T'(2—2h)(2h)

(B.28)

to arrive at
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(B.29)
which is identical to (4.30).
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B.12 N, N,,

Starting from the OPE (4.37) and using the diamond in figure 1(b), we can compute first
the OPE of a positive helicity soft graviton and a shadow charge. Supposing initially
So > s1 + 4, we have

Ny, (21)S[as,] (22)
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(B.30)

Let us now compute the two double sums above separately. We start with
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(B.31)
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The second double sum gives
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(s1—k+ 1)z =

where, on the r.h.s. above, in the first sum only the £ = s; contribution survives, while in
the second sum only k£ = s1 + 1,s;. We thus finally arrive at
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For the case s; + 3 > s2, one can instead split the sums in the second passage as
)yt Sy = =372 ZykZ g >t 2 oot .y and, with similar manipulations, arrive at the
same final expression. Takmg 8;22*2 derivatives of (B.33), we arrive at the OPE
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If we restrict to the case s; = 0 in (B.34), we get
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where c.t. stands for the contact terms given by the sum contribution on the r.h.s. of (B.34),
and we manipulated the S[gi, ;] terms as follows
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where in the last passage we used
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B.13 N, S[N]

Starting from the OPE (4.36) and taking the shadow of the second entry for a general
Ao, we get
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S[NA z4). (B.38

We see that the second contribution in the last passage above would vanish for RAs < 1. When
taking the second soft limit, this condition is always fulfilled (since we have Ay =1 —s9 < 1),
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so the extra term always drops out. In fact, we have

Ns1 (Zl)S[NS2](ZQ)

K2 K Kz 2 gy 11 _
1-s2 (2—s2-51) Z—(—)” (3 = 592)s,—n(81)n(s1 + 52 — 4)p

8131 1 = n!
/53 /84 213 223 152 234 i 52 Z1_31_ 52} —§4—sgl—sl+nS[N51+52—1](Z4)
8;(921! K;rSQ K2(227:251) g(_)nﬁ (8- 82)31—”(31)71% kil(sl + 82 —4)p_k <Z>
/Sd /54 213 zg’;” (z:,;fi_“) g—;L— 2—311+82 2;14—32—151+n—k;S[N81+82—1](Z4) , (B.39)

and for all s1,s9 > 0 of our interest, the terms in the third and fourth rows above vanish.
Therefore, restricting to the s; = 0 case, we have

2
_ K | PP o
No(21)S[Ns,](22) ~% [ —(s2+ 2)25212’82 7 SQ/S 23200z P28 [Ney—1](24)
4
+ 2270, (52 +2+ 212@2)522 ( 528N, 1](22)) }

2

K 1 _. _ 9

N*S [ (524’2)2*2 2125 32?2 52/ 22522422412“25[]\75271](24)
7 Sy

+ 21_22(82 + 2+ 212822)(2 — 89 + 21252'2) (S[NS2_1](Z2)) :| . (B.40)
Let us manipulate the non-local term

1 _
—(s2+ 2)22*212 32 /s 253%50 50 S [ Ney—1](24)
4

So—2

1 82—2
=~ (s2+2)ag 21" °2 Z( i )

_ 2k —so—2—k
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1 . _ 24
= (s + g [ Gz (52— 2920 LSV, (a0
™ Sy 224

4

—(s2+2) gle 28 Z ( ) Z 82+’f/s 22725274 SING, 1] (24). (B.41)

The last row above can be written as

I _ 352 ! S3—2 53—sa+k 41—k
(52+2)22le22 > A o st /s 23iz5;  S[Nsy—1](2a)
k=0 4

4 4—k
o 2 L _—s2—3 =7 32+n -2 52 — 4—k 3 so+k+n
= —(s2+ 2 Zl Z Z k: n 212

k—
[ aa SN (z0)
Sa
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so—4 so—4—k
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2 -3 § : § : -+ 3 +k4+n qk-+
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—0, (B.42)

where we used the definitions (4.8), (4.10) and, in the last passage, we used Euler’s reflection
formula as follows

i F(1-w+s) _ lim (— sy 1 T(1— w4+ 52)(s2 — 3 —w)
W3O T(w = (55— 1)) wb F(—w)T(1 + w)
= tim () () L 312)5)(82 D _o0 (B

C Shadow OPE in Yang-Mills

C.1 F,,S[F.,]

From the OPE (5.9), assuming a general Ag € C e taking the shadow of the second operator,
we have

F& (21)S[FR))(22)
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,52,



If we take the second conformally soft limit, we get

FY, (21)S[Fy, ) (22)
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In the last step, we used that the power of z34 in the 6-terms is such that s; +so +1+p —
n > sg+ 1 > 1, so integrating the Dirac delta against it always yields zero.
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C.2 S[Fo)S[Fa,]

We want to take the shadow of the second entry of the OPE (5.12); we consider first the
case A, < 1, which gives

S[F§](21)S[F ) (22)
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IR | e e g S
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.- i‘% — (2 Mgy iy /54 ai 22 2 S[F ) () + Zmls[FAEKZz)} ’

(C.3)
where we used the constant expressions (5.7), (5.8), (B.2). If we take ®Ag > 1, we have
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We thus obtain the same result as in (C.3). If we take the conformally soft limit Ay — 1
of the second argument, we obtain

smwmﬂ@ma~%ﬁww{
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C.3 S[F.,]S[Fa,]

Following similar steps as in appendix B.11, the OPE (5.19) can be obtained starting from
the first line in (C.1), we can write
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C.4 FyS[Fs,]
Starting from the OPE (5.23), for so > 1, we can use the identity
1 - so—1 1 s2—1 -1 = k
L (Zl?’) _ L M <223> , )
Za3 \ 212 Z3 = K 212

following from the binomial formula, to rewrite it as

o = = g a c = (S2+1) 1 2 c =
F(21,21) S[F2,| (22, 22) ~ —i 22 20, {mS[F J(z2,22) + 0 32”/5 155[F J(z3,23)

47T 219 3 223
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Next, we want to show that the second line contribution on the r.h.s. of (C.8) vanishes. In
order to do this, we use the manipulations

(52 + 1 S27 1 52 _ 1 k’ 1
2 Zf§+2 Z | 212/5 3223 S[ ](23723)
(52+1 s2252—1k+1 1 / - B
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= 1 B 7FC
2T zf%ﬂ Z (k+1)! z 753 2— k+132 A—i?isz( ) T(1+A) o (22, 22)
- (C.9)

where we used the definitions (5.6), (5.8), and Euler’s reflection formula as follows
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C.5 F,S [r;l2
In order to derive the OPE (5.27), let us consider first the case s; > sa—1. In this case we have
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(C.11)
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where in the last double sum above we can take the upper bound for k to be s1, as (so—1) =0
Vk > s9 — 1.

Let us now compute the two double sums above separately. The first double sum gives
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The second double sum gives
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— nl (s1—n)lae

where, on the r.h.s. above, only the n = s; contribution survives. We thus finally arrive at
2 So2—2
_ . +51—2 1 So—2
Fa S[p1b W _9IYM pab 9 (2
a (21)5]r,] (22) e /T m(s2+si—1) s nzzo (s1+n+1) n

an NSs2—2—n 1C 1 281 c
x 0%, 6%(21,22)0% 2 Fsl+s2(22)+51!ZES[T;1+S2](ZQ):|. (C.14)

In the case s; < so — 1, one can instead split the sums as 72! S350 o = 751 Zi:nlﬂ

+ 30 o >k and, with similar manipulations, arrive at the same expression (C.14).
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