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from the subleading soft gluon current algebra. These equations can be used to compute
the leading term in the gluon-gluon OPE on the celestial sphere. Similar equations can
also be written down for the momentum space tree level MHV scattering amplitudes. We
also propose a way to deal with the non closure of subleading current algebra generators
under commutation. This is then used to compute some subleading terms in the mixed
helicity gluon OPE.
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1 Introduction

It is generally believed that any consistent theory of quantum gravity on a space-time with
asymptotic boundary should have a holographic dual description in terms of a theory living
on the boundary at infinity. The dual theory can compute all the observables which make
sense in the bulk theory of quantum gravity. In the case of asymptotically flat space-time
the observables are the S-matrix elements and it has been proposed that the dual theory
is a conformal field theory [11-20, 23-25, 31-51], dubbed “celestial conformal field theory
(CCFT)”, which lives on the celestial sphere. The Lorentz group acts on the celestial
sphere as the group of global conformal transformations and when the bulk space-time is
four dimensional, one can show, starting from the subleading soft graviton theorem [10] that
CCFT should have a stress tensor [12-14] which generates local conformal transformations
on the two dimensional celestial sphere. So CCFT should have the full Virasoro symmetry
just like a more conventional two dimensional CFT. But this is not the end of the story.
Since the asymptotic symmetry group in four dimensions contains supertranslations [26—
28], CCFT should also have supertranslation symmetry [2, 5, 7, 8, 29, 30]. On top of that,
there are various other infinite dimensional current algebra symmetries, coming from soft
factorisation theorems, under which CCFT should be invariant [1, 3, 5, 19-22, 61-70]. Now,
the CCFT is supposed to compute bulk scattering amplitudes. So a natural question arises
as to how the bulk scattering amplitudes in four dimensions are constrained by the infinite
dimensional symmetries of the dual CCF'T. For recent developments in this direction please
see [3-9].

The study of CCFT is facilitated by going to the Mellin space [31-51]. In Mellin space
scattering amplitudes can be written as the correlation functions of conformal primaries.!
Conformal primaries are Mellin transform of Fock space creation (annihilation) operators
which create (annihilate) asymptotic free particle states in a scattering event. They are
called conformal primaries because under Lorentz transformations, which act on the celes-
tial sphere as global conformal transformations, they transform like primary operators in
a conformal field theory. Let us now briefly describe the main results of this paper.

In this paper we focus on the Maximal Helicity Violating (MHV) gluon scattering
amplitudes in pure Yang-Mills (YM) theory with gauge group G = SU(NN). These are
amplitudes of the form (— — + + +---), where two gluons have negative helicity and the
rest have positive helicity. Their explicit expressions are given by the famous Parke-Taylor
formula [77]. Now this is the first non-trivial helicity amplitude because at tree level in
pure YM theory, amplitudes of the form (— + + + ---) with only one negative helicity
gluon and (+ + +---) with all positive helicity gluons vanish. As a result of this at tree-
level there is no negative helicity soft gluon in the MHV-sector and also, the set of MHV
amplitudes is closed under taking collinear limits. This allows us to define, just like in the
case of gravity [5], an autonomous MHV-sector of the CCFT which computes the MHV
gluon scattering amplitudes. The gluon MHV-sector is characterised by the fact that it is
governed by the G current algebra [1, 61-66] at level zero which arises from the leading

'For a brief review of Mellin amplitudes for gluons please see the appendix A. In this appendix we also
make some comments on the notation used in the paper.



positive helicity soft gluon theorem. There is also the subleading positive helicity soft gluon
theorem [3, 67-70] which gives rise to another infinite set of currents which play an equally
important role in the theory. The significance of the autonomous MHYV sectors for gluons
and gravitons [5] is that they behave somewhat like Minimal models of two dimensional
conformal field theories and hence are exactly solvable.

Let us now consider an n-point MHV amplitude with two negative helicity gluons and
(n—2) positive helicity gluons. The main result of this paper is a system of (n —2) coupled
first order linear partial differential equations satisfied by the tree-level MHV amplitudes.
In Mellin space they are given by,
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where i € (1,2,---,n—2) runs over the (n — 2) positive helicity gluons in the MHV
amplitude. In the above equation, OZ E(Z’ Z) is a gluon conformal primary with scaling

dimension (h, h) and a is a Lie algebra index. T is the Lie algebra generator in the adjoint
representation and Cy is the quadratic Casimir. We have also introduced the symbol ¢;
which is +1 depending on whether (’)Zj J—Lj(zj, Z;) is outgoing or incoming. The operator

ijl acts on a gluon conformal primary OZ:,Bk(Zk’ Zk) as
—1 ap — _ ag _ ]
P; Ohkﬁk(zk,Zk) = Ohk—%,l}k—%(zk’zk)éﬂ (1.2)

Similarly the global time translation generator P_; _;(i) acts on the i-th positive helicity
gluon conformal primary according to

Py ()0 (zi,z) = €O 1 g1 (20, %) (1.3)
190 K3 27 1 2

Equation (1.1) can be easily transformed to momentum space and for the momentum
space MHYV scattering amplitude it can be written as,
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Here the null momentum of an on-shell gluon has been parametrised as

p=ew(l+zz,z2+ 2, —i(z — 2),1 — 22)



and € = +1 for an outgoing (incoming) gluon. We have also denoted the momentum space
creation (annihilation) operators by A%(ew,z,z,0) where o is the helicity of the gluon.
Note that the MHV amplitude in (1.4) includes the overall momentum conserving delta
function.

Now (1.1) or (1.4) are examples of (holographic) constraints on (hard) scattering am-
plitudes coming from the infinite dimensional symmetries of CCFT. They are obtained
in the same way as differential equations for MHV graviton scattering amplitudes were
obtained in [5]. Presumably (1.1) or (1.4), together with the Ward identities coming from
Poincare invariance, can be solved to obtain the MHV gluon scattering amplitudes. Along
this line we make a preliminary check in which we determine the leading gluon-gluon OPE
coefficients from the differential equations and our results match with those of [3, 54].

The origin of equations (1.1) and (1.4) will be discussed in great detail in section 6 but
let us mention a few things before we close this section.

1. The first two terms of (1.1) closely resemble the Knizhnik-Zamolodchikov (KZ) equa-
tion [73] satisfied by the correlation functions of current algebra primaries in WZW
model. The only difference is the prefactor h; in the second term in (1.1) and we also
have to set the level k of the current algebra to 0.

2. In WZW model the scaling dimensions of the primaries are determined in terms of
the level of the current algebra and the representation of the zero mode algebra under
which the primary transforms. But, this is not the case here. (1.1) holds for any value
of the scaling dimension (h, i_z) of the gluon primary. This is consistent with the fact
that in CCFT the scaling dimension A = h+ h of a (hard) primary is a continuously
varying (complex) number and therefore should not be constrained in any way.

3. The third term in (1.1) is an additional contribution coming from the (local) sub-
leading soft gluon symmetry. This has no analog in the usual KZ equation and is
most likely related to the fact that there is no Sugawara stress tensor in CCFT. This
is also very different from pure gravity where the corresponding differential equa-
tions for MHV amplitudes do not have any contribution from the subsubleading soft
graviton theorem.

It will be very interesting to understand the origin of the differential equations (1.1)
or (1.4) from the point of view of Twistor string theory [78-88]. This will also shed more
light on the true nature of the CCFT. We leave these questions for future research.

An outline of this paper is as follows. We begin in section 2 by discussing the action
of Poincare generators on gluon primary operators on the celestial sphere. The definition
of a conformal primary operator is given explicitly in section 2.1. In section 3 we consider
the leading conformal soft gluon theorem which is equivalent to the Ward identity for a
level zero Kac-Moody algebra on the celestial sphere. We specify here the commutators
involving modes of the Kac-Moody current and the Poincare generators. Using the current
algebra Ward identity we also relate here the celestial correlators involving Kac-Moody
descendants to correlation functions of gluon primary operators. Section 3.1 contains the
definition of a primary operator under the current algebra. In section 4 we consider a set



of currents (J*, K%) on the celestial sphere which arise from the subleading conformal soft
gluon theorem. In section 4.1 we derive the OPE between a subleading soft gluon and
a hard gluon primary which yields an important constraint on the OPE of hard gluons
in the subleading conformal soft limit. From this OPE we also extract the definition
of descendants created by modes of (J% K®) and use the Ward identity, corresponding
to the subleading soft gluon theorem, to obtain correlation functions with insertions of
these descendants. In section 4.1 the definition of a primary under the subleading soft
symmetry algebra is provided. Section 4.2 lists various useful commutation relations. In
section 5, we discuss the interpretation of the commutation relations between modes of
the subleading soft symmetry generators in the light of the fact that these generators do
not close to form a Lie algebra in the conventional sense. In sections 6 and (7) we derive
the differential equations (1.1) and (1.4) for tree-level MHV gluon amplitudes in Mellin
space and Fock space respectively. In section 8 we use the differential equation (1.1) to
determine the structure of the leading OPE for gluon primaries in Yang-Mills theory. In
particular, section 8.1 deals with the case where both gluons in the OPE are either incoming
or outgoing and in section 8.2 we consider the case where one of the gluons in the OPE
is outgoing and the other is incoming. In section 9, we illustrate how some descendant
OPE coefficients in the OPE between gluons of opposite helicities can be determined using
the underlying infinite dimensional symmetry algebras. We end the paper with a set of
appendices. Appendix A contains a brief review of celestial amplitudes and comments on
some of the notation used in this paper. In appendix B we present a detailed calculation
of the first subleading correction to the leading celestial OPE of positive helicity gluons
using the Mellin transform of the 5-point tree level MHV gluon amplitude in Yang-Mills
theory. In appendix C we use the 4-point MHV Mellin amplitude to extract the first set
of subleading terms in the OPE between opposite helicity gluon primaries.

2 Poincare invariance

Since the scattering amplitudes are Poincare invariant, generators of the Poincare group act
on the conformal primaries which live on the celestial sphere.? The Lorentz group SL(2, C)
acts on the celestial sphere as the global conformal group and we denote its generators by
(Lo, Ly, Lo, Eil). Their commutation relations are given by,

(L, L] = (m — 1) Lyygn, [I_/m,l_/n} = (m —n)Lmin, {Lm,l_/n} =0, mmn=0,%£1
(2.1)
They act on a gluon conformal primary (’)Z }—l(z, Z) as,

[L1, 05 1(2,2)] = (270 +2h2) O} ;(2,2),  [Lo, O} 1(2,2)] =hO}, (2,2), [L-1,05 ;(2,2)] =00} (2, 2)
(2.2)
[L1,05 1 (2,2)] = (220 + 2h2) O}, (2,2),  [Lo, O} 1(2,2)] =hO}, 1 (2,2), [L-1,05 ;(2,2)] =00} (2, 2)
(2.3)

2For a brief review of conformal primaries and Mellin amplitudes for gluons and some comments on
notations used in this paper, please see the appendix A.



The four global space-time translation generators will be denoted by P, ,, where m,n =
0,+£1 and they are mutually commuting

[P, Pyl =0 (2.4)

The commutation relations between Lorentz and global space-time translation gener-
ators are given by,

n—1 n—1

[Ln; Pm’,n’] = ( - m/> Pm’—i—n,n’ [En7 Pm’,n’] = ( - n/) Pm’,n’—i—n (25)

The translation generators P, , act on conformal primaries according to

[Pmm’ OZ,E(Z’ 2)} — eymilzntl OZ+%,E+§ (2,2) (2.6)

where € = £1 for an outgoing (incoming) gluon.

2.1 Poincare primary

It follows from the definition of a conformal primary operator that the following standard
relations hold
L0} 5(0) = L0} 5(0) = 0, LoOy ;(0) = hOp £ (0),  LoOy ;(0) = hOp 1 (0)  (2.7)
but a Poincare primary [8] must also satisfy the additional conditions
Po,-10; 7(0) = P_100;, 7(0) = P00} 7(0) =0 (2.8)

which follow from (2.6).

3 Leading soft gluon

The leading conformally soft [52-56]% gluon operator j%(z) with positive helicity is de-
fined as,

j(2) = lim (A= 1)OR . (2,2) (3.1)

where O} +(2,2) is a positive helicity gluon primary with scaling dimension A. The soft
operator j%(z) is a Kac-Moody current [1, 61-66] whose correlation function with a collec-
tion of gluon primaries is given by the leading soft gluon theorem and has the standard
form in Mellin space,

(#1005 G020 ) =~ 30 (T[T 0 (a2 (32)

where

TR0y 5 (2,2) =1 F4P0) G (20 20)8; (3.3)

3Conformally soft graviton theorems have been studied in [52, 57, 58].



as gluons transform in the adjoint representation. Now let us consider the modes j7 of the
above current. They satisfy the algebra

[]727,7]2} - _zfabcjm—i-n (34)

and act on a gluon primary as
(58, Oh 5.(2,2)| = —if 2" 05 1 (2, %) (3.5)

We note that the level of the current algebra here is zero which will be further justified
by the form of the gluon-gluon OPE [9] in the MHYV sector.
The commutation relations with the (Lorentz) global conformal generators are given by,

L, 48 = =18 ns [Lmod2] =0, m=0,%1 (3.6)

Similarly, the commutators with the generators { P, ,, m,n = 0,%1} of global space-
time translations are given by,

|Pnsg] =0 (3.7)

For our purposes an important role is played by the correlation functions of the de-

scendants j* pOZ 7(2,2),p > 1 with a collection of gluon primaries. These are given by

< (2,2 lf[ (o005 > _ /ﬁ‘p(z)<(’)z’h(z,z)ﬁ(’)i?h_(zi,zi)> (3.8)

. 05/
=1

where the operator 7 (z) is defined as,

jfp(z)< lf[ A > = z": (Z:}lz)p<(’)zﬁ(z,z) ﬁ OZ: Bi(zi’zi)>’ p>1

(3.9)
3.1 Leading current algebra primary
A current algebra primary O} ;(z, z) is defined by the standard conditions
JEOb - (0) =0, Vn>1 (3.10)
and
30} 1(0) = =T} 1(0) = —if**O; ;(0) (3.11)

4 Subleading soft gluon

The subleading conformally soft [52-56] gluon operator S;*(z,z) with positive helicity is
defined as,

(2, 2) = lim AO% z 4.1

Sl (sz) Algl() OA,—‘,—(ZaZ) ( )



where OR | (2, 2) is a positive helicity gluon primary with scaling dimension A. The cor-
relation function of S;"*(z,z) with a collection of primary gluon operators is given by the
subleading soft gluon theorem in Mellin space [3],

(4.2)
3 €k a p—1 5 a
= _ Z . (—Qhk +1+(z2— Zk)ak) T, P, < H Oh“hi('z“zl)>
k=1 i—1

where

TR0, 5 (20 2) = ifee Ozi,;;i(zn zi) Oki (4.3)
and

PO () = Oy (5050 B ”

Here ¢, = £1 depending on whether the gluon primary OZ:,Ek(Zk’ Z)) is outgoing or
incoming. For simplicity of notation we keep the additional label € implicit when we write
the correlation functions of the gluons.

Now following [3, 5] we expand the R.H.S of (4.2) in powers of the coordinate z of the
subleading conformally soft gluon operator S;*(z,z) and define two currents J?(z) and
K“(z) whose Ward identities are given by,

< H Zuzz > = —Z h (—Q;Lk—i-l —Ekék) T]?PIC_1<HOZ;}—”(ZZ',§Z‘)>

Z— 2k

k=1 i=1

(4.5)

and . . .

€k 3 a p—1 a; =,

< H Zz; Zi > = - Z 5 Zkak Tk k < H Ohiﬁi(zlv Zl)> (4'6)

=1 k:l =1

This is equivalent to expanding the soft operator S;%(z, z) as,

Sz, 2) = J%2) + 2 K%(2) (4.7)

We can now define the modes of the currents, J2(z) and K%(z), in the standard way.
Their actions on a gluon primary are given by the following commutation relations,

2,08 (2,2)] = —e2" (<2h+1 - 20) T*P710) 1 (2, )
’ ’ (4.8)

= —jefibeyn ( 2h +1 — 28) O, _ L h_f(z Z)

and

K5, 0)(2.9)] = =m0 T°PT10} 3 (2,2) = —ief*2"0 05y, 4(2,2) (4.9)

2

Although the generators (J¢, K%) do not form a Lie algebra under commutation, we
will see in section 5 that when the commutators [Jﬁl, Jg}, [Jﬁl, Kfl} and [Kﬁl, KZ} act on
a gluon conformal primary or its descendants, the results are given by simple expressions
which look almost like closure. This is crucial for our purpose in this paper.



4.1 OPE between Sf‘ %(z,2) and a hard gluon conformal primary

Suppose we want to compute the OPE between S; % (z, z) and the gluon primary o (zl, Z1).
For this we have to expand the R.H.S of (4.2) in powers of (z — z;) and (2 — zl) So as
(z,2) = (21, 2z1) we can write,

<S+a Z,Z H Z s ZZ,ZZ')>

p_

= (_zilzl ( 2h1+1) TV Py +Z z— 2P ljilp ) <1;[ B (21, 2 > (4.10)

+ (2 — 21) ( o 81T1“P + Z Z— Zl p 1IC‘ip(1)) <H OZ;h (Zl,fz)>

p=1 i=1

where the differential operators J2,(1) and K2,(1) are defined as,

<HO (21, % >_ (Zn: :L+fi]1)pz )8]Ta ) <H0h,,h Zis Zi >’ p=1

(4.11)
and
<H(9 Z“Zl>:(i€j(z<?jz ><HO _ zl,zz>, p>1
G
(4.12)

From (4.10) the OPE between S{(z, z) and 021 3 (21, z1) can be extracted to be,

SiFa(z, z)0h1 7 (21,71)

o0
=— i1Zl (_251 + 1) TfPflozl = (21,71) z:: z—z)P (Jﬁp(’)x 7 ) (21, 21)

3 o]

_ (2—51) <612?1ZIT16LP1_IOZ . zl,zl Z Z—Zl (Kﬁpozlﬁ ) (21,51)

(4.13)

where the correlation functions with the insertion of the descendants J QPOZl 3 (z1,21) and
Kipozl P (z1,21) are given by (4.11) and (4.12), respectively.

Now (4 13) acts as a boundary condition on the OPE of two hard gluon primaries

one which is positive helicity. Using the definition (4.1) of the subleading conformally soft

gluon S;™%(z, z) we can write,
ilmo AOR 4 (z, z)0h1 i (z1,21) = (4.13) (4.14)

As we will see (4.14) is a nontrivial constraint on the OPE of two hard gluons. In-
side correlation functions (4.14) means that we first take the OPE limit (z,2) — (z1,21)



and then take the subleading conformal soft limit. In that limit we should always get
back (4.10).

We also note that the operator product expansion (4.13) leads to the following condi-
tions which are satisfied by any gluon primary OZ’B(Z, Z),

Jn0p 5(0) =0, JGO; ;(0) = —ief™*(~2h + DO, _15-1(0), ¥n>0 (4.15)
and
Koo Ko b _ — _ ;e fabcymc _ 4.1
SOnA(0) =0, KO} 1(0) = —ief™ 00 1 5 1(0), ¥n >0 (4.16)

4.2 Commutation relations involving subleading generators

In this section we collect some useful commutation relations. These are the “classical”
commutators which can be easily obtained from the action of the generators on a primary
operator. For the convenience of the reader we gather here the actions of the Poincare and
current algebra generators on a gluon primary,

(21,05 5(2,2)] = (520 4+ 202) 05 1(2,2), [L1, 05 5(2,2)] = 00

(21,05 (2,2)] = (20 + 202) 05 1(2,2), [L1,055(2,2)] = 005 1(2,2)  (4.18)

A=z (@)

se
=

| Pnins Op (2, 2)| = ™ 27100y 54 (2,2) (4.19)
G, O 1(2,2)] = —i2" f°08 (2, 2) (4.20)
[JZ, OZ,B(Z, 2)_ = —jefben (—QB +1-— 25) Oz_%ﬁ_%(z, Z) (4.21)
K5 Op 5(2,2)| = —ief™2"005 s ;. 1(2,2) (4.22)

where ¢ = 1 depending on whether the gluon is outgoing or incoming. Using these we
arrive at the following commutation relations between generators,

Lo, J8) = ~(n+ D8, (Lo, JE) = (n—) Je (Lo JE) = —ndl, (423)

(L1, 78] =0, (Lo, Ji] = QJ,C;, (Lo, Jg) =K (429)

Lo Kf) =~ DESy, L0 K3 = (0= 5 ) Ko [Boa, K = —nKsy (1.25)

n

- 1
Ly, K] = g, [LO,K;:] = K, L1 K] =0 (4.26)
[ m,—1, n] ]m+n+17 [ m,05 n] m=0,—1 (427)
[ *17 ] [ m 07 ] ]m+n+1, m = 0, —1 (428)
{jmv JTbLi| = Zfabc rCrL+n7 { mo K’?L] = Zfabc fn—l—n (429)

5 How to interpret the commutators of subleading symmetry generators

It is well known [67] that the subleading symmetry generators J2 and K2 do not close
under commutation. So they are not the generators of a Lie algebra symmetry in the

~10 -



ordinary sense. To see this we note that the scaling dimensions of J? and K are given by
(—n—1/2,—1/2) and (—n —1/2,1/2), respectively. Therefore the antiholomorphic scaling
dimension of the commutator amongst these generators must be an integer. But there is
no generator with integer antiholomorphic scaling dimension that can appear here and so
the generators (J%, K2 ) cannot form a Lie algebra.

Now, at least for the purposes of this paper, what we really need to know is how the
commutator of two subleading generators acts on a gluon primary or its descendants. For
example, in the OPE of two outgoing gluon primaries of opposite helicities given by, O |
and (’)bAh_, one gets a subleading term of the form (C.27), Jﬁl(’)bAﬁAQ,_. In order to
calculate the OPE coefficient multiplying this operator, one has to know the structure of

the term
chjglobAl—‘rA%— = [ch7 ng] ObAl—‘rAg,— (51)
In (5.1) we have used (4.15) which gives JfObAﬁAQ’f = 0. More generally, we will get
terms like
a a a Cq d; e =
([T 2] |7 B8] s [ B K2 )) TT 5 TTEG TL et Of 5(202) (52)
7 j k

from the OPE and we need to get simplified expressions for them. In order to do this we
start by computing the following commutators

[T 7] 0220 [T KE] L Ops(22)] || Ka K] 05522 (5.3)

Let us focus on the first commutator. Using (4.21) and the Jacobi identity we get,

[[Jms 78] 05 12, 2)]

_ _ _ _ (5.4)
= —pebd pleezmin (—oh +1-20) (~2h+2-20) OF_ ;_,(2,2)
Again using (4.21) we can write this as
[, 2] 0% 5 (223)] = —ieg™ (~2h+1-20) [ 110 0545 2)} (5.5)

where we have used €2 = 1. Now we take the limit (2, ) — (0,0) and from (5.5) we get

HJ;;, Jg] ,0,37,;(0)} = —je fabd (—25 + 1)

mim O e

g o (0)] (5.6)

Since the mode J¢ of the current J is defined with respect to the point (0,0), (5.6)
can be interpreted as the relation between the descendants

[T Ih] 05 1(0) = —ief™ (<2h+1) T, 051 5 1(0) (5.7)

2

Now we can apply the same argument to get the other two relations

T Kp] 05 5(0) = —ief™™ (<2h+ 1) K5 1,051 5, 1(0) (5.8)

and
K, KB] OF 1 (0) = —ief™ K, 905 15 1(0) (5.9)

2
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These are the relations that will be used in the following sections to obtain recursion
relations for subleading OPE coefficients and to define null states or primary descendants.

We can see that the L.H.S of (5.7), (5.8) and (5.9) are linear in the subleading symmetry
generators. But, they also depend on the scaling dimension of the gluon primary on which
the commutators are acting and also the gluon primary appearing on the R.H.S has shifted
dimension compared to the one appearing on the L.h.s. This is a signature of the fact that
the generators do not form a Lie algebra. This is perhaps the closest one can come towards
forming a closed algebra out of J? and K when they act on states in a Hilbert space and,
as we will see, this is sufficient for finding (subleading) OPE coefficients as we will see in
section 9.

Before we end this section we would like to mention the result when the commutator
acts on a level-1 descendant. They are given by,

[T Th] T O 5,(0) = —ief ™ (=2h + 1) 5, 1 J5O8 s 5 1 (0) (5.10)
[T Kb| TSOR1(0) = —ief™*(=2h + 1)K, 4, J5Of_ 15 1(0) (5.11)
[Ka Kb} 50} (0) = —ief " (=2h + DK, ., J5005 1 5 1(0) (5.12)
[T Th] K§OR5.(0) = —ief**(=2h +1).Jf, ., K5O s 1(0) (5.13)
[T K0 ] KGO0 5.(0) = —ief™(<2h + DK, KGO5 15 1(0) (5.14)
(K, Kb] K501 5(0) = —ief(=2h + 1) Ky, .., K00 1 1(0) (5.15)
[Jis I2) 3505 1(0) = e[ (=2h 4+ 1)J5, ,G5OF 1 51 (0) (5.16)
T K| G504 3(0) = —ie [ (=2h + VKT, 5051 5 1(0) (5.17)
[K%,Kb} G5O (0) = —ief**(=2h + 1) K5, 1, jc008 15 1(0) (5.18)

The above relations, say for example (5.10), can be obtained by starting from the

commutator
[[Js 78] S [T, 0452, 2)] | (5.19)
The above relations have obvious generalisations to a general descendant and are
given by,
m’Jb H‘]C HKd Hj?,of 77;€fabz 2h+1 m+nHJC HKd H]ﬁkof,Lﬁ s (0)
(5.20)
[Ja, kY] HJCLHKd Hyﬁk@f = —icf*(—2h+1) m+nHJC HKd Hgﬁk@f )
(5.21)
8 TL5 T8 00— e, T L2 T00 0
(5.22)
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We do not need these more general relations in this paper but, it will be interesting to
check their consistency with explicit calculations performed using scattering amplitudes.
For example, a good check of this will be to compute subleading OPE coeflicients in the
gluon-gluon OPE directly from the (MHV) scattering amplitude and compare them with
the results from the recursion relations obtained using (5.20), (5.21) and (5.22). Our
derivation of these relations has been somewhat hand waving. We leave a more rigorous
derivation to future work.

6 Differential equation for MHV gluon amplitudes in Mellin space

In this section we will derive a differential equation for Mellin transformed tree level n-point
MHYV gluon amplitudes in Yang-Mills theory.

Consider the celestial OPE between two positive helicity outgoing gluon primaries in
Yang-Mills theory. We will denote these operators below as O3 | (2, 2) and Oy  (21,21)
where the subscript (+) denotes that both operators have positive helicity. In order to
arrive at the proposed differential equation, we will be interested in the contribution from
descendants which constitute the first subleading correction to the leading singular term
in this OPE. This was recently obtained in [9] and is given by
faalx A _ 1
zZ— 21 + A+A—2

OQA+(2,2)0, (z1,21) = =i B(A—1,A; — 1) { fOMTL 4
(6.1)

. A—1 azx sa Ay —1 ay sa1x \ - x =
+Z (A—I_Al_Q(; 5 1y+m6 y(; 1 )j31:| OA+A1—17+(Z]-7Z]-)+"’

where O (A, 1, +(z1,21) is a positive helicity (outgoing) gluon primary. The leading pri-
mary OPE coefficient is given by the Euler beta function, B(A—1, A; —1). The dots above
denote contributions from descendants at further subleading orders in (z — z1), (Z — 21).
In [9] the above OPE was extracted from the Mellin transform of the tree-level 4-point
MHYV gluon amplitude. We refer the reader to section B of the appendix in this paper for
a derivation of (6.1) from the Mellin transform of the 5-point MHV gluon amplitude.

Now let us take the subleading conformal soft limit A — 0 in the above OPE. We then
obtain

. = a =
lim AOR 1 (2,2)0%, . (21,71)

A —2
— Mifaam: _ ’L'faale,1 + (50,336111?; — (Al — 1)50«215&11) ]gl} 021_1 +(21, 21) + ..
z—2z1 ’
(6.2)
According to our discussion in section 4.1, in the subleading conformal soft limit the
OPE should obey the general constraint given by equation (4.14). Therefore as A — 0
in (6.1) we should get

Ay —2
lim AOK L (2,2) 04, ;. (21,21) = (Zl_zl)TfPl‘l+Jﬁ1]02117+(z1,z1)+--- (6.3)
where
T°PIrOX, | (21,7) = if*"O%, 44 (21, 51) (6.4)
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Then comparing (6.2) and (6.3) we see that the leading singular terms in the OPE
match. But the subleading terms appear to be different. Therefore in order for the OPE
in (6.1) to be consistent with the subleading soft gluon theorem we must have the following
relation

{5(113:‘]31 + Z-faamL_lPl—l o (5ax5a1y _ (Al _ 1)5ay5a1x)jglpl—1} 021’4_(21’ 51) =0 (6,5)
Multiplying the above by i f**1® and using the relation
faalbfaalc — CA 5bc (66)

where C'4 is the quadratic Casimir of the adjoint representation, we can express (6.5) as

[CAL_l + Aljngla + JaleLP1:| 0211_174_(21, 51) =0 (67)
Further shifting Ay — A; + 1 in (6.7) we get
CaL_ 1+ (Al + 1)j31T1a + ngTlaplj| OaAll,Jr(Zl, 51) =0 (6.8)

Up to this point we have been considering the gluon primary in (6.7) to be outgoing.
But this can be easily generalised to the case of an incoming positive helicity gluon. In
that case we simply get an additional minus sign before the third term in (6.8). Thus for
an incoming positive helicity gluon we have

CaLy + (Ar +1) 4%, T% — J%Tfpl} 0% (21,51) =0 (6.9)
Therefore in general we have the condition

U (z,2) =

CaLr = A+ 1) 055 = T33P |08 (52 =0 (610)

where P_q1 _1 is the global time translation generator which acts on a gluon primary as
P_1,_1(’)bA7+ = eObA+17+. Here ¢ = +1 for an outgoing (incoming) gluon. Note that in
obtaining (6.10) we have used the definition (3.11) of a current algebra primary according
to which

JEOX 4 (2,2) = —if*"OR , (2,2) = —T*O% , (2, %) (6.11)

Now consider the linear combination of descendants denoted as ¥*(z, z) in (6.10). Ap-
plying the definition of a Poincare and current algebra primary from sections 2.1 and (3.1)
and using the commutation relations given in section 4.2, it can be easily checked that*

L1V (2,2) = L1V%(2,2) = Py _19%(2,2) = P_10¥%(2,2) =0 (6.12)
JaW (2, 2) = —ifP°U(2,2), jOUb(2,2) =0, VYm>1 (6.13)

“In (6.12) and (6.13), the modes of the symmetry generators have been defined with respect to the
point (z, 2).

— 14 —



Equations (6.12) and (6.13) together imply that U%(z, 2) is in fact a primary operator
with respect to the Poincare group and the current algebra associated to the leading soft
gluon theorem.® In fact, one can easily check that the null-state U? is uniquely determined
by the primary-state conditions under the Poincare group and leading soft gluon SU(N)
current algebra. Thus W%(z, 2) is a null field and we can consistently set W*(z, Z) to zero
within celestial MHV gluon amplitudes.

Now let us insert (6.10) within Mellin transformed tree-level MHV gluon amplitudes.
Below we will denote the gluon primaries as O : k(zk, Zr). The negative helicity gluons
in the MHV amphtude will be labelled by (n — 1) and n. Then for every positive helicity
gluon 7 € (1,2,---n — 2) we get a decoupling relation

n

([CAL-1(0) = 2031 0)38) = T D (0) s, 1 103, Zk,zk>>MHV=0 (6.14)

where we have used 2h; = A; + 1 for a positive helicity gluon primary. The index (7)
accompanying L_1,j§,7%,J%; and P_; _; above denotes that these modes act on the
i-th positive helicity gluon. Then using the representation of L_y,5%;,J%; in terms of
differential operators, we obtain from (6.14) with ¢ € (1,2,--- ,n — 2)

Ca 0, g I01
2 0z DA T
J#i
1€ Qh] —1 (ZZ Zj)a 3 . L B
+§ Z ( . - ZJ) T(J,P 11—;'(1P_1’_1(Z) H OZ?J},@ (Zk‘a Zk) = 0
j-jél- v k=1 MHV
JFi

(6.15)

We have thus obtained (n — 2) linear first order partial differential equations (PDEs)
for tree-level n-point gluon MHV amplitudes in Mellin space. The (n—2) PDEs correspond
to the (n — 2) positive helicity gluons in the n-point MHV amplitude.

Now let us note that the structure of (6.15) is similar to the Knizhnik-Zamolodchikov
(KZ) equation [73] obeyed by correlation functions of primary operators in WZW theory.
The KZ equation is given by

Ca\ 0 STPTY |, _ an _
(k * 2) 9z Zl 2z — 2 <¢h1,7zl(zl’ 2) Oy, G Z”)> =0 (6.16)
‘]:
J#
where gf)h B, are the primary operators and k is the level of the current algebra. In the

context of our paper, we will take these operators to transform in the adjoint representation

5Since the subleading symmetry generators do not form a closed (Lie) algebra we do not impose “primary-
state” condition under subleading soft symmetry. This will require further study and we hope to come back
to this in future.
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of the zero mode algebra and so the superscript a; is a Lie algebra index. Let us now
compare the differential equation (6.15) and the KZ equation (6.16).

First of all, for an n-point correlation function of primaries in WZW theory there are
n differential equations because every primary in WZW theory is degenerate. This should
be contrasted with the case of MHV amplitudes where an n-point MHV amplitude satisfies
(n—2) differential equations corresponding to (n—2) positive helicity gluons. This is related
to the fact that within the MHYV sector, governed by leading and subleading current algebras
coming from positive helicity soft gluon, negative helicity gluons have no null states. This
is a major difference.

Secondly, note that the coefficient of the 0., term in (6.15) is C4/2, where C4 is the
quadratic Casimir of the adjoint representation. In the KZ equation (6.16), this coefficient
is given by (k + C4/2). At a superficial level this is consistent with the fact that in our
case the SU(N) current algebra has level k& = 0.

Now let us consider the second term within the square brackets in (6.15). This arises
from the j,(7)j§(¢) piece in (6.14). The analogous term is also present in the KZ equa-
tion (6.16) but, the coefficient of this term in our case depends on the holomorphic confor-
mal weight h; of the primary operator OZi,Bi(’Zi’ z;) whose null state gives rises to (6.15).
This is an important difference which plays a crucial role due to the following reason.

In WZW theory, the KZ equation follows from the existence of a Sugawara stress tensor.
From the expression of the Sugawara stress tensor it also follows that the holomorphic
conformal weight of a current algebra primary is given by [73, 74]

C,

hy = s
2k +Cy

(6.17)
where C,. is the quadratic Casimir of the representation r, under which the primary operator
transforms. Here we are considering r to be the adjoint representation and so C, = C4.
The null state relation which gives rise to the usual KZ equation holds only when the
primary operator, with respect to which the null state is defined, has (holomorphic) weight
given by (6.17). But (6.14) and consequently (6.15) hold for arbitrary values of the scaling
dimensions for the positive helicity gluon primaries in the MHV amplitude.® The coefficient
hi in front of the second term in (6.14), (6.15) plays a crucial role in ensuring this.
Finally let us discuss the third term within the square brackets in (6.15). This arises
due to the subleading soft gluon symmetry. There is no counterpart of this term in the
KZ equation (6.16). Thus compared to the usual KZ equation, this can be regarded as
a correction term. Another consequence of this term is that unlike the KZ equation, the
differential operators acting on the celestial MHV amplitude are not purely holomorphic.
Recently in [71] a Sugawara construction of the stress tensor was performed for celestial
CFTs by studying Mellin transformed gluon amplitudes in Yang-Mills theory in the limit

SHere we are assuming that the dimensions A; of primary operators can be analytically continued off the
principal series where A; = 1 4+ iA; with A\; € R. For tree-level amplitudes, the fact that such an analytic
continuation is possible is evident from the explicit expressions of the corresponding Mellin amplitudes.
See [19] for a discussion on how conformal primaries with general dimensions can be expressed in terms of
contour integrals over the principal series.
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where a pair of gluons become conformally soft. However it was observed that within
correlation functions, this stress tensor generates the correct conformal transformations
only for the (leading) conformally soft gluons but fails to do so for the hard gluon primaries.
This indicates that the Sugawara construction does not yield the full stress tensor in the
celestial CFT putatively dual to Yang-Mills theory. The possibility that the full stress
tensor may include contributions in addition to the Sugawara stress tensor was also pointed
out in [33, 72]. The additional term coming from the subleading soft gluon symmetry in
the differential equation (6.15) that we have obtained, further suggests that the standard
form of the Sugawara construction involving only the leading current j%(z), may not apply
to celestial CF'Ts and most likely the subleading currents (J%(z), K%(z)) play an important
role in any such construction.

In the following sections we will study the implications of this differential equation for
the celestial OPE of gluon primary operators in Yang-Mills theory. In particular we will
show that the leading celestial OPE of gluons can be determined using this equation.

7 Differential equation for MHV gluon amplitudes in momentum space

The differential equation (6.15) was derived for the Mellin transformed gluon amplitude.
We can also write down an equivalent form of this equation for the amplitude in Fock
space. Let us denote the tree-level Fock space MHV amplitude as

n
< [T A% (eren, 2, 2 Uk:)> (7.1)
k=1 MHV

where € = +1. A% (wy, 2k, 2k, o) and A% (—wy, 2, 2k, o)) are annihilation and creation
operators respectively for the external gluons with helicity o in the S-matrix. In (7.1) we
will take gluons (1,2, -+ ,n — 2) to have positive helicity. Then gluons (n — 1) and n have
negative helicity.

Now in order to recast (6.15) to momentum space, we make the following substitutions

Ai — —wié‘wi, P_17_1(Z') — €W, ]Di_l — wi_l (7.2)

Applying an inverse Mellin transform we can replace the correlation function in (6.15)
with the Fock space amplitude (7.1). Thus we obtain the differential equation

n_ Tara
ol (ol 1) 3 2
aZi 80)1' 2 — Zj
7=1
i£i
! (7.3)

0 > >\ 0
noeo 05wz 4+ (2 — Zj) o= n
+>° Gt ( SRR ~ az]>Tian <H A% (€W, 2k Zks Uk)> =0
j=1 %] S k=1 MHV

JF

As in (6.15), here we have (n — 2) partial differential equations labelled by the index i
in (7.3) which runs over the (n — 2) positive helicity gluons in the MHV amplitude. Also
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note that the amplitude appearing above is the full tree level scattering amplitude and so
explicitly includes the delta function which imposes overall energy-momentum conservation.
Therefore the partial derivative with respect to z; in (7.3) has a nontrivial action on the
amplitude (7.1).

8 Leading OPE from differential equation

In this section we will show that the leading structure of the celestial OPE of gluons can
be determined using the differential equation (6.15).

8.1 OPE for outgoing (incoming) gluons

Let us first consider the celestial OPE between a positive helicity gluon primary O}’ | (z1,21)

and another gluon primary denoted by (9222 o

primary will be left unspecified for now. We will also take both these gluons to be outgoing.

(22, %22). The spin oy of the second gluon

Then let us assume that the leading OPE in this case takes the following general form
OX, (21,21)0%, ,, (22, 22) = —i 21525 [ 2" Cp g (A1, D2,02) O (22, 22) + -+ (8.1)

where 219 = (21 — 22), 212 = (21 — 22). (9270(22, Zo) is the leading primary operator that can
appear in the OPE and C), 4 (A1, Ay, 02) is the associated OPE coefficient. The dots denote
possible contributions from descendants. The conformal dimension and spin of Of , (22, 22)
are given by

A=A +Aos+p+q, o=p—q+oa+1 (8.2)

Our objective now is to determine the values of p,q and the OPE coefficient
Cpq (A1, Ag,02). In carrying out this analysis, we will assume that the structure of the
OPE in (8.1) holds for arbitrary values of the dimensions A; and Ay with p, ¢ and o9 fixed.
This was also done in [5] in the context of the celestial OPE of gravitons in Einstein gravity.
As in [5], our results below will further justify this assumption. We will see that the values
of p,q and Cy 4 (A1, Ay, 02) obtained using the differential equation (6.15) precisely match
with the corresponding results of [54], where the leading celestial OPE was derived from
the Mellin transform of the splitting function which appears in the leading collinear limit
in gluon scattering amplitudes in Yang-Mills theory [59].

Let us now write the differential equation (6.15) as

> 5.\.0
Caq 0 noTeTe 1 62k — 1= (21— Z)) 55)
77—h J —|—7 J qu_lTapi B 1
anos ljgzzl_zﬂ QJZ:% (21 — 25) F P TP, (1)
n
X <0211,+(21a 51)0222’02 (ZQ,EQ) H OZ: hk(zk’zk)> -0
k=3 MHV
(8.3)

where €1 = ea = 1. Using (8.3) we can derive a recursion relation for the leading OPE
coefficient as follows. Let us substitute the leading OPE (8.1) inside the correlator in (8.3).
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Then it is evident that at leading order in the OPE limit, the 212, Z12 dependence on the
Lh.s. of (8.3) will be of the form 225 '2%,. Assuming that (8.3) is satisfied order by order
in the OPE regime (z12 — 0, Z12 — 0), we can then set the coefficient of the 2%, 'z%, term
to zero. Consequently we obtain the following recursion relation

(pCa fure2b 4 2y foor7 200 f1020) G, (Ay, Ag, 09)

_ (8.4)
= (2hg — 1+ q) fo0* f*0 fya2eCy (Aq +1,A9 — 1,09)
where 2h; = A; — 1 and 2hy = Ay — 9. Then applying the identity
faa1xfmbyfya2a — %CA falagb (85)

where C'4 is the quadratic Casimir of the adjoint representation, we get from (8.4)
(Al + 2p + 1) Cp7q(A1, AQ, 0'2) = (AQ — 09 +q— 1)Cp,q(A1 + 1, AQ — 1, 0'2) (86)

In the ensuing discussion, it will be convenient for us to express (8.6) in another form.
For this purpose, let us first note the following relation due to the invariance of the OPE
under global time translations [3]

Cp,q(Al, AQ,O‘Q) = prq(Al +1, A, 0'2) + Cp’q(Al, Ag + 1,0’2) (87)
Then shifting Ay — Ay + 1 in (8.6) and using (8.7) we get
(Al + 2p + 1)Cp7q(A1, Ao, 02) = (Al + Ao +2p+q—o09+ 1) Cp7q(A1 + 1, A, 0'2) (88)

We shall now derive another recursion relation for the leading OPE coefficient by
appealing to the subleading soft gluon theorem in a similar fashion as in [3]. Consider the
action of the subleading soft symmetry generator J§ on a gluon primary. This is given
by (4.8)

Jg KU(Z, 2) = —iefabc(—2il =+ 1-— 265)020;1(2, 5) (89)

where € = £1 for an outgoing (incoming) gluon. Then requiring both sides of the OPE (8.1)
to transform in the same way under the action (8.9) we get”

faalexagy(Al +q-— Q)Cp,q(Al — 1, AQ, 02) + faaz:cfawy(Ag — 02 — 1)Cp,lI(A1, Ag — 1702)
_ faxyfamzﬂﬂ(Al + Ag + 2q — oo — Q)Cp,q(Ah A27 0-2)
(8.10)

Multiplying both sides of (8.10) by f¥** and using the identity (8.5) we then obtain

(A1 +q—2)Cpqg(A1 —1,A9,02) + (Ag — 02 — 1)Cp g (A1, Ao — 1, 09)

(8.11)
= Q(Al + Ag + 2q — o9 — 2)Cp7q(A1, AQ, 0‘2)

"Note that in order to arrive at (8.10) we have set z2 = Z» = 0 in the OPE (8.1).
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In order to easily determine the values of p and ¢ let us bring (8.11) into the same
form as (8.8). To achieve this, we shift A; — A; + 1 in (8.11). This gives,

(A1 4+q—1)Cpqg(A1,A2,02) + (Ag — 02 — 1)Cp (A1 + 1,A9 — 1,09)

(8.12)
= Q(Al + Ag 4+ 2q — 09 — 1)Cp7q(A1 + 1, AQ,O'Q)

Then using (8.6) we can eliminate Cp 4(A1 + 1, Ay — 1,02) from (8.12) and obtain

AL +2p+1)(Ay — -1
(Lat 2+ 1) 0= 1) Cpq(A1, Ao, 09)
Ay —0o9+qg—1 (8.13)

= Q(Al + Ag + 2q — o9 — 1)Cp’q(A1 + 1,A2,0'2)

[Al-i‘q—l-f—

Now we can solve for p,q using equations (8.8) and (8.13). These equations admit
nontrivial solutions provided we have

A +q—1 Ay —0oo—1  2(A1+Ay+2¢—02—1)

2p+A1+1 Ay—oa+qg—1 A1 +As+2p+qg—o02+1

(8.14)

Note that the differential equation (8.3) holds for any value of A;. Further as mentioned
before, the values of p, ¢ in the celestial OPE (8.1) do not depend on Ay, Ay. Consequently

we can vary A; and Ay independently in (8.14). Thereby the only non-trivial solution of

the above equation is®

p=-1, ¢=0 (8.15)

This is precisely what we expect in pure Yang-Mills theory. Then substituting (8.15)
in (8.2) we immediately get

A:A1+A2—1, g = 02 (816)

The leading OPE (8.1) for outgoing gluon primaries then takes the form

ifa1agm

OZILJF(ZD 21)(9?270-2 (Z27 22) ~ - 0*1,0 (Alv A27 02) OZH—AQ—LGQ (227 52) (817)

212

where oo = £1. Now we can determine the OPE coefficient as follows. After substituting
p = —1,q =0, equation (8.8) as well as (8.13) reduces to
Ap—1

C_10(A1+1,A9,09) = N — C_10(A1,Az,09) (8.18)

Then using the above in the recursion relation (8.7) we obtain

Ay — 09
A1 +Ag—09—1

C_10(A1,A2+1,09) = C_1,0(A1, Ag, 09) (8.19)

8A simple way to see this is by taking A; or A to be large in (8.14). For example, keeping A, fixed
and taking A; large in (8.14) we immediately get ¢ = 0. Similarly in the limit where Ay becomes large we
easily find that p = —1. The assumption that A;, A2 can be analytically continued off the principal series
is again implicit here.
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Recursion relations of the form in (8.18) and (8.19) were also obtained using time
translation invariance and the global subleading soft gluon symmetry in [3]. The solution
of these equations is given by

C—I,O(Ah AQ, 0'2) = OéB(Al — 1, AQ — 0'2) (820)

where B(z,y) is the Euler-Beta function. The constant « is as of yet undetermined. We
can fix it by using the leading conformal soft limit. Consider A; — 1 in (8.17). Then
matching with the Ward identity (3.2) gives a = 1. Thus for outgoing gluons, we get

Co10(A1,A2,02) = B(A1 = 1, A9 — 03) (8.21)

In the case where both gluon primaries are incoming, an identical analysis again gives
p = —1,qg = 0. The OPE coefficient also takes the same form as in (8.20). However in
order to determine the overall constant we should note that the Kac-Moody current for an
incoming gluon is given by

77 (z2) = = lim (A = 1)OX (2, 2) (8.22)

where the superscript (—) above denotes an incoming gluon. Due to this minus sign in
comparison to (3.1) for an outgoing gluon, the leading OPE coefficient for incoming gluons
is given by

C—I,O(Ala AQ,JQ) = —B(Al — 1,A2 — 02) (823)

The OPE coefficients in (8.21) and (8.23) precisely match with the corresponding
results derived in [3, 54].

8.2 Outgoing-incoming OPE

We will now deal with the case where one of the gluon primaries in the celestial OPE

is outgoing and the other is incoming. Here we will take the outgoing gluon primary to
ai
Aq,+

denoted by 0222’;2(22, Zo) where the superscript (—) denotes that it is incoming. We will

not fix the spin of the incoming gluon and so o9 = +£1.

have positive helicity and denote it as O (21, 21). The incoming gluon primary will be

In this case, both an outgoing and an incoming gluon primary can contribute to the
OPE at leading order. Then as in the previous subsection we begin by assuming the
following general form of the leading OPE

OR, 1 (21, 21) O, 5, (22, 22)
= —ifal@xz%i% C;:q (Al, Ao, 02) OZ’:;(ZQ, 52) + Op_7q (Al, AQ, 0'2) OZ’;(ZQ, 52) + ..
(8.24)

where OZ’; and OZ’; in the r.h.s. of (8.24) respectively denote the outgoing and incoming
primaries which contribute to the leading OPE. Their conformal dimension and spin are

A=A +As+p+q, c=p—q+o2+1 (8.25)
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In (8.24) Cgfq (A1, Ag,02) is the OPE coefficient corresponding to the outgoing (in-
coming) primary that appears in the OPE. The dots denote possible contributions from
descendants.

Now following exactly the same steps as in the previous subsection 8.1 we can obtain
a recursion relation for the leading OPE coefficients using the differential equation (8.3).
Here we get

2p+ A1+ 1)CE, (A1, Ag,09) + (A2 — 02 — 14+ q)CE (A1 +1,A2 — 1,05) =0 (8.26)

Then applying the global subleading soft symmetry generator J§ to the OPE (8.24)
we get another recursion relation analogous to (8.11)

(A1 4q—2)Cp (A1 = 1,A9,09) — (A2 — 09 — 1)Cpy (A1, Ay — 1, 09)

. (8.27)
=42(A1 + Ay + 29— 09 — Q)Cp’q(Al, Ay, 09)

Let us also note that invariance of the OPE (8.24) under global time translations yields
Crg(A1,89,00) = +|Cp (A1 +1,A9,09) — Cp (A1, Mg +1,09) (8.28)

Then using (8.28) and performing similar manipulations as before we can rewrite (8.26)
and (8.27) as follows

(2p + A1 + 1)CE, (A1, Ag,09) = (A1 + Ay +2p + g — 03 + 1)CE, (A +1,A9,0)
(8.29)

and

Ay +qg—1+

A 2 1) (A — —1
(81 +2p+1)(A2 — 02— 1) C;_Lq(Al,Az,Uz)
Ny —o3+q—1 ’ (8.30)

= :f:2(A1 + Ao +2q — 09 — 1)C;fq(A1 + 1, Ao, 0'2)
The system of equations (8.29) and (8.30) have the same form as the analogous equa-

tions (8.8) and (8.13) obtained in the case of the OPE between two outgoing (incoming)
gluons. It then follows by similar arguments that they admit non-trivial solutions iff

p=—1, ¢=0 (8.31)

This is again the expected result in Yang-Mills theory. The OPE coefficients can now
be obtained by solving (8.28) and (8.29) with p = —1,¢ = 0 in the same way as shown in
the previous subsection 8.1. We then get

CH (A1, Az,02) = aB(Ay — 09,2 — Ap — Ag + 0)

R (8.32)
CZ (A1, A2,02) = BB(A1 — 1,2 = Ay — Ay + 09)

where «, 8 are constants. These can be fixed by using the leading conformal soft limit. In
order to determine 8 we can put p = —1,¢ = 0 in the OPE (8.24) and then take A; — 1.
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The leading conformal soft theorem (3.2) then implies 5 = 1. Similarly considering the
limit Ag — 1 in the OPE (8.24) and comparing with the Ward identity (3.2) gives @ = —1.
Thus finally the leading OPE coefficients in the case of outgoing-incoming gluon OPE are
given by

le,O(A15A27O-2) = *B(AQ — 0'2,2 — Al — AQ + 0-2)

- (8.33)
CT0(A1,A2,02) = B(A1 — 1,2 = Ay — Ay + 03)

Again the above results for the OPE coefficients are in perfect agreement with [3].

9 Subleading OPE coefficients from symmetry

In this section we will illustrate how the OPE coefficients of descendants in the celestial
OPE between gluon primaries can be determined using the underlying symmetries. For
the OPE between positive helicity gluons, some of the descendant OPE coefficients were
obtained in [9] using translation, global conformal and leading soft gluon current algebra
symmetries. Here we will consider the mixed helicity case, i.e., the OPE between a positive
helicity and a negative helicity gluon primary. We will see that the subleading soft gluon
symmetry plays a crucial role here.

Let us denote the gluon primaries whose OPE we want to consider as O}, | (21, 21)
and 02277(z2, Z2). We will also consider both of these to be outgoing. Then as shown in
section C of the appendix in this paper, upto the first subleading order this OPE is given by

O, (5 )0k, (22,2

ifabx bx -a (Al — 1) bx ta T =
~ B(Al — 1, AQ + 1) —2:712 + Al 1) J-1 + md J_1P_17_1 OA1+A271,7(Z27 2’2)
(9.1)
where P_17_1021+A2_1 = 21+A2 _. In the appendix, section C we have derived this

result from the Mellin transform of the 4-point MHV gluon amplitude in Yang-Mills theory.
Although we have obtained this from the 4-point Mellin amplitude, the above form of the
mixed helicity OPE is expected to hold within any n-point tree level MHV gluon amplitude
in Yang-Mills.

Now it is important to note that in the OPE (9.1), at order O(z%,2},), we encounter
descendants associated to both the leading soft gluon current algebra as well the sublead-
ing soft gluon symmetry algebra. These are given by the operators j2;O% | Ap—1,— and
J2OR, 1 a,,— respectively in (9.1). We will now show that the OPE coefficients for these
descendants can also determined using symmetries as follows.

In general, we can have the following descendants appearing at O(1) in the mixed-
helicity OPE

LaOX_, j4O0N_, J% Py 104 (9:2)

The above operators are linearly independent. This is because the vanishing condi-
tion (6.10) holds only for a positive helicity gluon primary. This will be further justified
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by our analysis below. Then the general form of the O(1) term in the mixed helicity OPE
can be written as

(9217+(z, 5)02277(0) D) B(Al -1, Ay + 1) Oqfabx L_1+as 5b’”jﬁ1 “+ a3 6b$J31P,17,1:| 021+A27177(0)

(9.3)
where a1, as, a3 are constants which we want to determine. The leading OPE coefficient
B(A;1—1, As+1) can be obtained using the differential equation (6.15) as shown in section 8.
Also note that we have placed the operator ObA%_ at the origin, without loss of generality.

Now let us apply the subleading soft symmetry mode J{ to the OPE in (9.3). Then
using (4.15) and applying the commutation relations listed in sections 4.2 and (5) we get
the recursion relation

ialfcmdfab:c + (042 _ (Al + Ag)ag _ 1) fca:vfa:bd =0 (9‘4)

The coeflicients «aq, ao, a3 in the above equation do not carry any Lie algebra indices.
This equation should then hold for any allowed values of the free indices (a,b,c,d). Thus
we can set for example a = ¢ in (9.4). The structure constants being antisymmetric then
immediately gives us

a1 =0 (9.5)
Similarly setting a = b in (9.4) we get
a9 — (Al + Ag)ag —1=0 (9.6)

Now it can be easily checked that applying the current algebra mode j{ yields exactly
the same recursion relation as in (9.4). Then in order to fix as we can apply Ly to both
sides of (9.3). Again using the relevant commutation relations from section 4.2 we obtain

ion (A1 4 Ap) % + (ag — Ay f2™ =0 (9.7)
Substituting ay = 0 from (9.5) into the above equation we get
ag = A (9.8)
Finally we can solve for ag from (9.4) by putting in the value of ag obtained above.
This yields

a9 — 1 Al -1
_ _ 9.9
BTN XAy AL+ A, (99)

We thus find that the values of aq, a9, a3 obtained in (9.5), (9.8) and (9.9) precisely
agree with those extracted directly from the Mellin amplitude. Now it is easy to see

that (9.3) is already invariant under the action of the translation generator P_;g. It is
also straightforward to check that these values of the descendant OPE coefficients satisfy
the recursion relations that follow from applying the translation generator Py _; to the
OPE (9.3). The fact that all these recursion relations are mutually consistent and admit a
unique solution further justifies the absence of the null state relation (6.10) for a negative
helicity gluon primary.
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A Brief review of Celestial or Mellin amplitudes for massless particles

The Celestial or Mellin amplitude for n gluons in four dimensions is defined as the Mellin
transformation of the n-particle S-matrix element, given by [31, 32]

M ({zi, 2, hi, hiy ai}) = H/ dw; WS, ({wi, 2, 71, 04, ) (A.1)
i=1"0
where o; = +£1 denotes the helicity of the i-th gluon and the on-shell momenta are

parametrized as,
Di :w,-(l +zi2i,zi+2i,—z’(zi —Ei),l _Zizi)7 p? =0 (AQ)

a; denotes the Lie algebra index carried by the i-th gluon. The scaling dimensions
(hs, hi) are defined as,
:Ai-‘rUi iL'ZAi_Ui
2 2
The Lorentz group SL(2, C) acts on the celestial sphere as the group of global conformal

h;

(A.3)

transformations and the Mellin amplitude M,, transforms as,

~ - n 1 1 azi+b az+b _
n 9 ivhiahia i = ) = o7 n P— —7hi7hia i
M ({Z : a}) i:Hl(sz'er)%l (62i+d)2hiM (czﬂrd ¢z +d a)
(A.4)

This is the familiar transformation law for the correlation function of primary operators
of weight (h;, h;) in a 2-D CFT under the global conformal group SL(2,C).
We can also define a modified Mellin amplitude? as in [35, 36,

Mn({u’iaziai’iahi,ﬁiaai}) — H / dwz w?i_le_izz;l eiWiuiSn<{wiaZiaz’iao-iaai}) (A5)
i=170

where u can be thought of as a time coordinate and ¢; = +1 for an outgoing (incoming)
particle. Under (Lorentz) conformal tranansformation the modified Mellin amplitude M,,

transforms as,

M, ({ui,zi,éi, hi,ﬁi,ai}) = ﬁ

1 1 < u; azj+b az+b . - >
=1

—— M P ) 70 i’hi’ i
(i +d)* (ez; 4 d)2h jezi+d]? " ezitd ez +d '
(A.6)

9The exponentials in (A.5) can also be thought of as convergence factors. It is good to have them because,
as discussed in [53], the Mellin amplitude for gluons, as defined in (A.1), is only marginally convergent.
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Under global space-time translation, v — u + A + Bz + Bz + CzZz, the modified
amplitude is invariant, i.e,

My, ({ui + A+ Bz + Bz + C2%;, 21, Ziy hiy hiy ai }) = Mo ({wi, i, Zi, hiy hiyai}) (A7)

Now in order to make manifest the conformal nature of the dual theory living on the

celestial sphere it is useful to write the (modified) Mellin amplitude as a correlation function
of conformal primary operators. So let us define a generic conformal primary operator as,

an (z,2) / dw WA LAY ew, 2, 2, 0) (A.8)

where € = £1 for an annihilation (creation) operator of a massless gluon of helicity o and
Lie algebra index a. Under (Lorentz) conformal transformation the conformal primary
transforms like a primary operator of scaling dimension (h, l_z)
1 1 az+b az+b
0'%€ 7y — ___O%< - A9
hh (Z; Z) (CZ + d)2h (62+ d)zh h,h <CZ +d’ ez + d) ( )

Similarly in the presence of the time coordinate u we have,

O;Z’{(u,z,é) :/0 dw WA leT U A% ew, 2, 7, 0) (A.10)

Under (Lorentz) conformal transformations
1 1 a u az+b az+b
(cz+d)?h (ez+d)2h Ml \Jez+d]? cz+d ez +d

O (u, 2, 7) =

f (A.11)

In terms of (A.8), the Mellin amplitude can be written as the correlation function of
conformal primary operators

<H (’)Z:Z’ 2, Zi > (A.12)

Similarly using (A.10), the modified Mellin amplitude can be written as,

n = <H OZ:::;Z Uiy Zis Zl)> (A13)
A.1 Comments on notation in the paper

Note that conformal primaries carry an additional index e which distinguishes between an
incoming and an outgoing particle. In the paper, for notational simplicity, we omit this
additional index unless this plays an important role. So in most places we simply write the
(modified) Mellin amplitude as,

n
M, = <H Oy s (zi,,?i)> (A.14)
i=1
or
n
M, = <H (’)Z;Ei(ui,zi,éi)> (A.15)
i=1
Similarly in many places in the paper we denote a gluon conformal primary of weight
A =h+hby O4X , where o = £1 is the helicity (= h — h). Since we are considering pure
Yang-Mills, we can further simplify the notation to O} , by omitting the o = £1.
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B OPE from 5-point MHV gluon amplitude

In this section of the appendix we will consider the Mellin transform of the 5-point tree-
level MHV gluon amplitude in Yang-Mills theory. Our main objective here is to show that
the OPE in (6.1) which was obtained in [9] from the 4-point MHV amplitude also holds
within the 5-point Mellin amplitude.

B.1 5-point MHV gluon amplitude

The tree-level 5-point gluon amplitude in Yang-Mills theory can be expressed as [75]

A(1a172a273a374a4’5a5) — (ig)3 Z fa1a02x1fx1a03m2f:r2aa4a5A(17p(2)’p(3)’p(4)75) (B,l)
PESs

where ¢ is the Yang-Mills coupling. f®’s are Lie algebra structure constants. The sum
above runs over a basis of 3! color-stripped partial amplitudes denoted by A(1, p(2), p(3),
p(4),5). This is an over-complete basis. Owing to BCJ relations [76], any 4 of the sub-
amplitudes in (B.1) can be written in terms of 2 linearly independent sub-amplitudes. Let
us choose this BCJ basis to be given by the sub-amplitudes

A(1,2,3,4,5), A(1,4,3,2,5) (B.2)

Then the remaining sub-amplitudes are given by [76]

A(1,2,4,3,5) = a1 A(1,2,3,4,5) + asA(1, 4, 3,2, 5)
A(1,3,2,4,5) = a3A(1,2,3,4,5) + auA(1,4,3,2,5) ©.3
A(1,3,4,2,5) = a5A(1,2,3,4,5) + agA(1,4,3,2,5) '
A(1,4,2,3,5) = a7 A(1,2,3,4,5) + agA(1,4,3,2,5)
where the «a;’s are given by the following kinematic factors
_ 845(s12 + S24) 514525  512(524 + 545) 514525
o =——""—, Q2= — ) 3= —"—""—, Q4=— ;
524535 524535 513524 513524
512845  s14(824 + 525) 512545  595(514 + 524)
a5 = — ) ap = ————————, Q7= — ) ag = ————
513524 513524 535524 535524
(B.4)

Here s;5 = (pi + pj)2, with p; being the momenta of the external particles. Now our
interest here will be in the MHV configuration. For this we will take the helicities of the
gluons in (B.1) to be 01 = 09 = —1,03 = 04 = 05 = 1. Then using (B.3) we obtain

A(1*a1 , 2*&27 3+a3, 4+a47 5+a5)

= (ig)g (61 + coay + c3az + cqgas + 05047) A(lf, 27, 3+7 4+, 5+) (B.5)

+ (06 + covg + c3ay + cqog + 05048) A(l_, 4+, 3+, 27, 5+)
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where the ¢;’s denote the following color structures

c1 = fG«IG«QIl f$1a3332f$2@405? o = fala211 fx1a4332f1'2a3a5, c3 = f'alaSml fx1a2$2f$2a4a5
c4 = fa1a3371 fx1a4l'2fﬂ72a2a5’ 5 = f@1a4l’1 f3?1a2-1'2f$2(13a57 cg = fa1a4331 f1'1a3$2 f$2‘12(15
(B.6)

Now parametrising the null momenta of the external gluons in the amplitude as
pg :eiwiqf, qf‘ = (1+zi2i,zi+2i,—i(zi —Ei),l—ziii), 1=1,2,3,4,5 (B7)
where ¢; = +1 and using the Parke-Taylor formula for MHV amplitudes [77], we can
write (B.5) as
A(lfal 9—a2 3+a3 4+a4 5+a5)

(ig)% wiws 23 X1 212 25\ ! 245\ ! (B-8)
= Ly 1 =) x| (1o
2 wswaws 215223235 L 245 215225 215 235

where X7, Xy are given by

245245 €4W4 Z12Z12 €2w2
Xy =c1+c +c

— 3 —
235235 €3W3 213713 €3W3

_ _ —1 N
2122122457245 245 Z45 1 esws 1 quwr
+ = (1 — ) (1 — _> [(03 —y) —— + (c2 —¢5) ——
295225 295 Zo5 213713 €3W3 235235 €3W3

(B.9)

and

€4W4 215215 245 Z45 €2Wy 225295
X2:C6+C4 7,(1*7><1*77>+C577,
€3W3 213%213 Z15 Z15 €3W3 235235

awi 215715 (cs —cg) 22 215%15} (1 B @) <1 B @) (1 B 245)_1 <1 B %45)_1

€3W3 235235 €3W3 213213 215 215 225 Za5
(B.10)

Note that we have written the amplitude in this particular form (B.8) to facilitate the

+ |(c5 — c2)

extraction of the celestial OPE between gluons 47?4 and 519 in the next subsection.

B.2 Mellin transform of 5-point gluon MHV amplitude
Let us now consider the Mellin transform of the 5-point gluon MHV amplitude in (B.5).

Here we will use the modified Mellin transform prescription which is reviewed in section A.'°
For convenience in what follows we will set the Yang-Mills coupling constant g = 2. The
modified Mellin amplitude is given by

/\/l(l_‘“, 2—a27 3-&-(137 4+a4, 5+a5)
= <02117—(1) 222,—(2) 233,4—(3) aA44,+(4) Z55,+(5)>

5
) A —iZeiwiui 5
- / [[doiwt e =0 @@ 270 3t gra 5hos) 5 (quqé‘)
0 i i=1

(B.11)

9The Mellin transform prescription of [32] can also be used here since it is convergent for tree-level gluon
amplitudes. The celestial OPE finally will be the same irrespective of wether it is obtained from the usual
Mellin amplitude or its modified version involving the time coordinates, w;.
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where OXZ,’ 4 (7) denotes a gluon primary operator with dimension A; = 1 +i);. The
subscript (4) here denotes the spin of the operator. The label (i) collectively denotes the
coordinates (z;, z;, u;) at null infinity where the i-th gluon primary is inserted.

Now we are interested in extracting the celestial OPE between the gluons (47% 5%45).
We will further take them to outgoing and so €4 = €5 = 1. Then let us define

wy = wpt, ws = (1 —t)wp (B.12)

where ¢t € [0,1]. The delta function imposing overall energy-momentum conservation
in (B.11) can be expressed in the following form

5 _ _
1
5 E ciwigy | = ——9 (90 — T —tzs (:n - x> —tzs5 <x - x)
p 4 wp Z35 %25 Zy5 735

) (B.13)
_ T z "
+t 245245 ( — - —— )) [T 6(ws —w;)
235225 225235/ /) i
where we have defined
* — — .
w; = 5iWP(Ui,1 +1 245 0520+ t Zas 03+ t 245245 O'i’4), 1€ (1, 2, 3) (B14)
and
T = 212235713225, T = 213225212235 (B.15)
The 0; ;’s in (B.14) are given by
225235 235 2% _ 1
o11=——— 012= ——, 01,3 = p— 014 = — -
212213 212213 212713 212213
215235 235 215 1
o91=——"—, O29=————, 023=——"—"—, 024= —— (B.16)
212223 212223 212223 212223
225715 _ Z15 25 _ 1
031 = — —— 032 = — > 03,3 = p_— 034 = — -
223213 223713 223213 223213

The representation of the delta function in (B.13) enables us to localise the integrals
with respect to wi,we,ws in (B.11). This leaves us with integrals over wp and ¢t. The
wp-integral can be easily done and we get

oo .
/ dwp w%&—l exp [—iwp (U + za5tUs + Z45tUs + 245Z45 Uy + tuys)]
0

. N (B.17)
F(ZA)[lth(qu‘qu Zis Uy + )y
= - — |2 z ZA5%. u
(h)iA gy (Fasllo + ZasUs + 245245Us + a5
where
5 3 3 3 3
A=D"N, U =) oituis, U= oigus, Us= 0iguis, Ui =Y 045
i=1 i=1 i=1 i=1 i=1
(B.18)
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Then using (B.17) and the expression of the 5-point MHV amplitude obtained in (B.8)
we finally get

M(lial , 27a27 3+as7 4+a47 5+a5)

I . 3
:—i/\// dt tM (1 =)t T O(ei(0i1 + 2a5toi + Zastois + zaszastoia)) To(t) To(t)
0

i=1
(B.19)
In the above integral the theta functions
O(€i(0i1 + zastoio + Zasto; 3 + za52a5t054)), ©=1,2,3 (B.20)

simply impose the condition that (%) > 0. This is required because in the original

integral (B.11), the energy variables satisfy w; > 0. The prefactor A/ in (B.19) is given by

3 ) , ; L'(iA)
N =— (e011)""" (e2001) T2 (e3031) " — B.21
215223235 (€111) (c2021) (€53,1) (i) (21

and Z;(t),Z2(t) in the integrand in (B.19) are

14+iA 1+ido
012 , - ,013 _ ,014 022  _ ,023 _ ,024

Ti(t) = | 14+ za5t—= 4 Zy5t —= + 245245t —— 14 245t —5= + Z45t —2 + 2452451 —— X
o1,1 01,1 01,1 02,1 02,1 02,1

—iA
X

iAz—1

032 , _ ,033 _ ,034 t _ _

1+ 245t + 2451 + 2452451 {1 + — (245 Uy + z45 Us + 245245 Uy + U45)
03,1 03,1 03,1 U

_ T T _ T T _ T T
dlo—Z—tzp | ——— )tz ———— )+t 2a52s5 — =
Z35 225 Zos 735 235225 225235

(B.22)
and

To(t) = [Xl(t) b2 (1 - 245>_1 Xg(t)] (1 - 245)_1 (B.23)

245 215225 215 235

In (B.23), & (t), Xa2(t) are given by (B.9) and (B.10) respectively after substituting the
parametrisation of w4, ws in (B.12) and setting w; = w),i =1,2,3.

B.3 Mellin transform of 4-point gluon MHV amplitude

Here we will obtain the modified Mellin transform of the tree-level 4-point MHV gluon
amplitude which is required in order to extract the OPE from the 5-point Mellin ampli-
tude (B.19). Since we shall be interested in taking the OPE between gluons (4194, 5%95)
in (B.19), it will be convenient to denote the momentum space gluon amplitude here as
A(17@1 2792 3tas 5+2)  We will also take the gluon labelled by 57 to be outgoing.

The color-dressed 4-point MHV amplitude is given by

A(1*a1’ 2*@7 3+a3’ 5+:L“)

B.24
— (ig)? (oo s A1 237,57 4 e A g 0 50))
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where A(17,27,3%,5%) and A(17,3%,27,5T) are color-stripped partial amplitudes. Now
applying the BCJ relation [76]

A(17,3%,27,57) = zﬁA(lj2*,3+,5+) (B.25)
13

we can express (B.24) as

A(l_“1,2_a2,3+“3,5+$) — (ig)2 (fmazyfyaw + farasy fyazz 812) A(l_,2_,3+,5+)
813
(B.26)

Then parametrising the null momenta as

py = eiwiqf, qf = (1 + Ziii, Z5 + ZZ‘, —i(zi — 52‘), 1-— Zizi) N 7= 1, 2, 3, 5 (B27)

we get from (B.26)

A(170, 2702 3Fas 5HT)

s 2 (B.28)

i €W 2122
— _(29)2 <fa1a2yfya3x+fa1a3yfya2m 2W2 <12 12>

€3W3 213213/ W3Ws 215223235

Now let us compute the modified Mellin transform of (B.28). In order to relate this to
the factorisation of the 5-point Mellin amplitude in the (47,5%) OPE channel we will take
the dimension of the primary corresponding to the gluon 57 in (B.28) to be Ay + A5 — 1.
Then the Mellin amplitude is

M(179, 2702 3+ 5He)
= (0%, _()0%, _(2)0%, ,3)OR,1a,-1.4(5))

3
o0 3 3 A —1 z €W UG 3
= /0 dws w?“leﬂ%“s H dw;wiile i A1 2792 3tas g5ty 5(4) Zeiwiqf +ws gt
i=1

i=1
(B.29)
The momentum conservation imposing delta function in the above integral can be
represented as

3 3
5@ (Z €iwiq; + w5q§> S [[6(wi —wi)d(z—z) (B.30)

i=1 4ws 2

where
wi =€ws0o;1, 1=1,2,3. (B.31)

The 0;1’s in (B.31) were specified in (B.16). Note that using the definition of x,z
given in (B.15) it follows that the delta function §(xz — &) above imposes the constraint
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where r and 7 are the cross-ratios

212235  _ 212235
r= , T=——
213225 213225

(B.33)

Now using (B.30) in (B.29) localises the integrals with respect to w;,i = 1,2,3. Then
doing the remaining integral over ws we get

" duos Wit exp (—iwslhy) = B.34
/0 ws wg - exp (—iwsUy) U )iA ( )
where
5 3
A= Z Ai, U= Zgi,lui'{) (B.35)
i=1 i=1
Therefore the 4-pt Mellin amplitude takes the form (with g = 2)
3 . . . I'(iA)
101 9—a2 3+a3 5+r _ 212 1+iX 1+i)o iAz—1 '
M( ) ) ) ) 214223734 (€1011) (€202,1) (€303,1) 7(“/{1)“\ X
3
(fa1a2;rf;ra3a4 oy fa1a3xfxa2a4) 5($ _ ;E) H @(Eio'i,l)
i=1
(B.36)

Let us also note that A defined in (B.21) which appears as a prefactor in the 5-point
Mellin amplitude in (B.19) is simply related to the 4-point Mellin amplitude as

3
M(l—a1’2—a2’ 3+a3’ 5+ac) _ (fa1a2acfxa3a4 _ 74faltl:aacjwcazcu)./\/’ 5($ _ j) H @(€iffz' 1)
i=1
(B.37)
B.4 OPE decomposition of 5-point Mellin amplitude
We shall now extract the celestial OPE between gluon primaries (’)ZZ 4 and (’)255 4 from the

5-point Mellin amplitude. For this purpose we will set u45 = 0 and expand (B.19) around
z45 = 0,245 = 0. Now note that expanding the theta functions in (B.19) generates delta
function contributions whose arguments are functions of z;;, z;; with (¢,7) € (1,2,3,5).
We will assume that the operators which do not participate in the OPE are all inserted
at separated points at null infnity and thereby such contact terms can be ignored. The
contributions of interest here will then only come from expanding the integrands Z;(¢), Za(t)
in (B.19).

Here we will restrict attention to the leading and the first subleading terms in the OPE
regime. The leading term corresponds to the Mellin transform of the collinear splitting
function [59]. The subleading terms in the Mellin amplitude can likely be related to the
subleading corrections to the leading collinear limit in the momentum space amplitude
which has been studied in [60].
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B.4.1 Leading term

Using (B.22) and (B.23), it is easy to see that the terms from Z;(¢) and Zy(t) which
contribute at leading order in the OPE limit (245 — 0, Z45 — 0) are given by

Il(t)’o(l) = d(z — 7) (B.38)
and
1 1 (1 —r)
IQ(t)‘O(zZ;) = Zﬁ Xl(t)’(’)(l) = Zﬁ <Cl — (1 — 77) Cg) = (Cl — 7’63) (BSQ)

where in obtaining the last equality in (B.39) we have used the fact on the support of
d(xz —z) we get r = 7. Then doing the t-integral and using (B.37), we find that the 5-point
Mellin amplitude factorises as

M(lial , 27a27 3+a3’ 4+a47 5+a5)

; josoea (B.40)
= B(Ay—1,A5 — 1)M(1791,2792 3Fas 5Hey 4 .
245

where B(z,y) is the Euler Beta function and the dots denote subleading terms. Then (B.40)
implies that the leading celestial OPE is

Z'fa4a5x

245

OF, 4 (21, 24)OF. | (25,25) ~ — B(Ay—1,A5 = 1) O7, 4 a5-1,4(25,25)  (B.41)

This of course agrees with the expected result [3, 54].

B.4.2 Subleading terms: O(z95z3;)

We now want to consider the subleading term of order O(z35z%;) in the OPE decompo-
sition. This will correspond to the contribution of descendants in the celestial OPE. Let
us first gather the relevant terms from Z;(t) and Zy(t) which can contribute at this order.
From (B.22) we get

L), =t {z 5(x — F) + 0.0 (x — x)} (B.42)
245
where Z is given by
. 01,2 . 02,2 . 03,2 1A
Z=1(1+:X =+ (14 =+ (iAs — 1) —= — —U. B.43
(o022 a2 @02 ) pa
Then from (B.23) we have
1 1 F(1—7) >
Io(t =— Xt = — — B.44
0] = 2 B0, = 2 (0= T (.44
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1

Io(t = — Xi(t + — Xt + Xo(t
2( )‘O(l) 245 1 )‘O(m) Z35 i )’0(1) 215225 2( )‘@(1)
= w-ﬁ- (—1+1) (c6—cs+(1—7)(cz—ca))+c2 (1—1)
235 215 295 225 Z35
(&)
+t — — — | C3
215 225
(B.45)

Using (B.42), (B.44), (B.45) and performing the t-integral in (B.19), we find the
O(295z45) contribution to the 5-point Mellin amplitude in the OPE regime to be given by

M(lfal , 2*a27 3+a3’4+a47 5+a5)

O(245745)
. A4—1 _ _ f(l—T’)
=—iB(Ay—1,A5—1 —— (Z6(x — - -
iB(Ar—1,Aq )N{(A4+A5_2)< 5z —7) +0.,8(x — 7)) (01 = C3>+
(c1—7 c3) ( 1 1> <1 1)> _
— 4| —+— | (c6—cs+(1—r)(cs—ca))+ca| ——— | |d(z—2x
( 235 215 225 (6 = s+ J(es —ca)) ez 225 235 ( )
Ag—1 < 11 > } >
+ | ——— | 30(x—2Z O(€i041)
(A +A5-2) \o1s 295/ 2:1_[1 )
(B.46)
We can simplify the above further by noting the following identity
r(l—r) L _ 1 1 B
1=7 0:0(x —2) =rd,d(r—T)+ (215 225> iz —x) (B.47)

Applying (B.47) in (B.46) then gives

M(l—al , 2—1127 3+1137 4+a4’ 5+a5)

0(225225)
B(Ar—1,A 1)/\/{ 2=l e a) 4+ 0,0z —2)( )
= —1 - - % T—T :0(x—1T))(c1—rcC
AT (A +A5-2) g e
(c1 —7 c3) ( 1 1) (1 1)) } 3
tl—+(——+—)(s—+1-r)(cs—c1) +e2 | ——— i,
( z35 215 225 (cs—cs+(1=m)(es—eu)) Fe2 225 235 1;[ €0i1)

(B.48)

Now at this order in the OPE we expect to find descendants created by the action of
L_; and the current algebra mode j%;. In order to demonstrate this we need to know the
action of these modes on the 4-point Mellin amplitude. We will now evaluate each of these

in turn. First let us consider the correlator

<(’)le77(1)(’)222’7(2)0%3#(3) (L—IOZ4+A571,+(5))>
=L (5)M(17%,27% 3+ 5+T) (B.49)
— 625_/\/[(1—&172—1127 3+a3’ 5+m)
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Using the expression of the 4-point Mellin amplitude obtained in (B.37) the above can

be straightforwardly evaluated and we obtain'!

fa4a5x£_lM(1—a1 , 2—&2 , 3+a3’ 5+CC)

1 1
=|(c1 —re3)N[Z6(x —x)+ 0..0(x — )]+ (c1 —rc (—i—)/\/’ém—a}
(€ e [0 ) + 0000w~ D)+ (01 —res) (o4 )V ol —8)
(L= L)en s 0] [0t
—r|——-——|c r—Z €0
PR i1 !
where Z is given by (B.43). The other correlation function of interest here is
(0% _ (102, (0% (3) (i"0%, . a14))) B0
= f‘i(f))/\/l(l_al, 2792, 3+a3, 5+a5)
This can be easily calculated using (3.9). We then get
A (5)M (179,272 3Fas 5+
— _,L i fa4a1$(fza2yfya3a5 _ ,,,,fl'agyf’y(lg(l5) + L fa4a2:v(fa1$yfya3a5 _ Tfa1a3yfyasa5)
215 225
1 3
g g s g e proees)| (o - 5) [T ©(eoia)
235 i=1
(B.52)

For our purposes it is more convinient to write the above in terms of the independent
color structures ¢; given in (B.6). We then arrive at

FHEIM(1 270 3, 5)

{ 1 1 1 P
=i|—(—cs+rece)+—(cs—coa—r(ca—c3))+—(ca—c1—7r(c6— 04))] N é(x—1x) H O©(€0i1)
Z25 235 i=1

215
(B.53)
Now it can be easily shown that the term appearing in the second line of (B.48) is
simply

Faﬂww+CJ<+1)@_%+a_m@_q»+@(l—1)}M&w@>ﬁe@wn

235 215 225 225 235 =1

3

1 1 1
=— LTS(_CS —|—7’Cﬁ)+%(C5—CQ—T(C4—03))+735(02—Cl—7"(06—64))}N(S(.%‘—.f‘) i:r[l@(eiam)

=i /% (5)M(17%, 2792 3tas 5Fas)
(B.54)

1Gince we are interested in the 4-point correlator at separated points on the celestial sphere, we do not
differentiate the theta functions in (B.37) with respect to z5 while evaluating (B.49).
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In order to arrive at our desired result let us also note the following useful relation

i (95 G)M 2792 3T 50 - g (5)M(17™, 2702, 3 5 ) )

- [—(01 —rcs) (1 + 1) +7rc3 <1 - 1)} N é(z — ) ﬁ O(eioia)

215 235 225 235 i1

(B.55)

Then applying (B.50), (B.53) and (B.55) in equation (B.48) we finally get

M(l*al’ 2792 3+ag7 4+a4’ 5+a5)

0(225525)
Ag—1

m fa4a51£_1(5)/\/l(1—a1 2792 3+a37 5+$)

= —iB(Ay—1,A5—1) [

Ay—1

m i FUB(5)M(174, 2792, 3tas 5+a5) 4

As—1 ;. gaa —a1 9—az qtaz s+as }
(A4+A572) ? —1(5)M(1 a2 73 75 )
(B.56)
The above result implies that upto the order under consideration here, the celestial
OPE for positive helicity outgoing gluon primaries is given by
aqasx A _ 1
/ n (Ag—1)

asasry
245 (Ag+ Ay — 2)f !

0%47_"_(24724)0%57_’_(25’25) ~ _ZB(A4 — 17A5 — ]_) |:

5(1495&596) 331] OZ4+A571,+(Z5’ Z5)

(B.57)

. (Ay—1) (Ay—1)
5(143850,53/
+Z<(A4+A5—2) T A A —2)

This matches with the corresponding result obtained in [9)].

C Mixed helicity OPE from 4-pt MHV gluon amplitude

In this section, using the 4-point Mellin amplitude, we will obtain the first subleading
correction to the leading OPE between a positive helicity and a negative helicity gluon
primary.

C.1 4-point Mellin amplitude

Consider the color-dressed 4-point MHV gluon amplitude A(179,2%92 3%a3 4-a4)  This

is given by

A(l_a1 ) 2+a2,3+a374—a4) - (Zg>2 <fa1a2xf:ca3a4 + fala3xfxa2a4 834) A(1_7 2+a 3+7 4_)

524
(C.1)
where
14)3
A(17,27,37,47) = _<12><<23>><34> (C.2)
Using the (wj, 2, 2;) parametrisation of null momenta, we get from (C.1)
A(17@ g+az gras g-ar)
wiwy 23y (C.3)

— (ig)Q (fa1a21’fxa3a4 +fa1a3xfxa2a4 €3W3 234234>

€W 224%Z24) WaW3 212223%234
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The modified Mellin transform of (C.3) is then
./\/l(lfal , 2+a27 3+a37 4*a4)

L_(DO%, (0% (30X, _(4))

(C.4)

(0%
4
oo 4 A fiZeiwiui
/ Hdwiwi i—le i3 A(179 2Fa2 3+as g-as 5(4 XzelwzqZ
0 ;0

where A; = 1+ i)\;. Now we shall be interested in extracting the celestial OPE between
OR, (3) and OF _(4) from the Mellin amplitude (C.4). We will also take both of them to
be outgoing, i.e., e3 = ¢4 = 1. Then let us make the following change of variables in (C.4).

ws =wpt, ws=wp(l—1) (C.5)

The momentum conservation imposing delta function can be written as

4
5(4) <Z €iwiq5> H d (wz ;k) 0 (514 - wpt Z23§34> 0 <524 + wpt 213534>
=1

461w162w2212 €1W1 212 €2wW2 212
(C.6)
where!?
. .
w; = €Wp (0'1'71 + 234t0'i,2) , 1=1,2 (07)
and
Y T _ _ 1
o11=—, 0O21=———, Ol12=—022=— (C.8)
Z12 Z12 Z12

Applying the delta function (C.6), the wi,ws integrals can be trivially done. Then
using (C.3) and performing the integral over wp, the Mellin amplitude can be expressed as

I ‘ 3
M1 gFaz 3tas g-as)y —iN/ dt 2971 (1 — )M T O(ei(oin + z3atoi)) Z(t)
0 i=1

(C.9)

where the theta functions above impose (%) > 0. The prefactor N' and the integrand
Z(t) are given by

3 .

214 it iAa—2 ['(iA)
€101,1 €202 1 —r

Z:f2224 ( ) ( ) (ZUI)ZA

N =iere (C.10)

1211 this section for simplicity of notation, we will often use the same symbols to denote similar quantities
which also occur in section B. In all such cases, to avoid confusion, we urge the reader to note the relevant
definitions which have been explicitly provided in the respective sections.
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4 2
with A= > A\, Uy = > 0,14 and
=1

=1

1 -1
Z(t) :L (1 _ Z34> {famwf:maaz; _ 12734 <1 _ Z34) famaacf:mgaz;} %

234 224 214224 214
A1 iAg—2 A
o o t ¢
14 2342 1,2 X | 1+ z34% 2,2 {1 + — (2’34 Us + U34):| X
o1,1 02,1 U
t - t -
o z o z
Sz — (142t =2 Zau|o|za+ — (142t 22 Pz
o1,1 o1,1 Z12 02,1 02,1 Z12

In (C.9) we have again set the Yang-Mills coupling ¢ = 2. Now let us also note the
expression of the 3-point Mellin amplitude in terms of which the 4-point Mellin amplitude
factorises in the (37,47) OPE channel. This can be easily derived and is given by

M(L,2%%,477) = (OF, _(DOR, ,(2)O0%,a,-1-(4))

3 (C.12)
— falasz5(514)(5(§24) H @(62'(01"1))

=1

with A defined in (C.10).

C.2 OPE decomposition of 4-point Mellin amplitude

We can now extract the mixed helicity celestial OPE in the (37,47) channel by setting
usq = 0 in (C.9) and expanding the integrand Z(t) around z34 = 0, 234 = 0. As before, in
order to avoid irrelevant contact terms we will simply set z34 = 0 inside the argument of
the theta functions in the Mellin integral in (C.9).

C.2.1 Leading term

The leading term in (C.9) as z34 — 0 is

1 ; 0(214)0(%21)
M1, 2702, 3708 470 ~ N / dt #9971 (1 — gyt poreas proges QE1100C1) [T oCe(in)
0 234 el
ifa3a4x
S B(Az —1,A4+1) M(17%, 2192 47%)
234

(C.13)
From the above result we get the leading celestial OPE to be

ifa3a4w

(’)Z’37+(23,23)OZ‘47_(Z4,24) ~ —

o B(Ag —1,A4 + 1) 023+A4—1,—(Z4’ 54) (0.14)

This agrees with the result obtained in [3, 54].
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C.2.2 Subleading terms: O(z9,z3,
Using (C.11), we find the O(z4,z,) term from the 4-pt Mellin amplitude to be

./\/l(lfal , 2+a27 3+a37 4*a4)

O(Zg4zg4)
_ iXs M (e —2) QA up
C iB(As—1.A,+1 [ araze grazas (__+)
iB(8s ! ) (1A3 +iAg + 2)f f Z24 214 U 212

N (_fa1a4mfa:a2a3 N fa1a3mfra2a4 >:| M(1—7 2+’ 4_)
224 214
(0.15)
where
3
M(l_, 2+, 4_) = N5(§14>5(§g4) H @(61(02‘,1)) (016)
=1

is the modified Mellin transform of the color-stripped 3-point amplitude A(17,2%,47).

Now the r.h.s. of (C.15) can be expressed in terms of a linear combination of 3-point
Mellin amplitudes which involve descendants created by the action of J%; and j%; respec-
tively. In order to show this, let us first consider the correlator

(0%, ()02, (2) (JHO0X 1, (1)) = THAP-1 1 (M1, 2F%2,47%) (C.17)

where

T (4) P11 (HM (177,272 47%)

2 € (27% — 14 uju0y, + 51’48,@) (C.18)
=2 TSP Py _q(A)M(170 2%z 47
= 224
and
Poq 1 (4)M(179 2102 470y = g, M (1791, 2% 4794) (C.19)

Note that since we are using here the modified Mellin transform, the differential opera-
tor representation of J%3 explicitly includes the u; coordinates. This is obtained from (4.11)
by making the replacement

QiLZ’ — 2?% + ul48ul (C.QO)
In order to evaluate (C.18), it is useful to note that since the derivatives with respect
to z; act only on the anti-holomorphic delta functions in the 3-point Mellin amplitude, we

can use the identity

Zid 827; (5(514)5(224)) = —5(214)5(524), 1=1,2 (C.Ql)
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Then it can be easily shown that

T3 (4)P_y 1 (HM(OA™™, PARCIV ) P, {(i)\lfaaalyfyazm — (iAg —2) f302Y faryaa) - 2122
14224
_@ <u14fa3a1yfya2a4 + u24fa3a2yfa1ya4)] /’\71(1— 2% 47)
Ui \ 714 224 ’ ’
(C.22)

Now let us consider the following 3-point correlator

(0% _()0% (2) (J0% . a,y_(4)) = FH@OMA™ 272 470)  (C.23)

Using (3.9) this is simply given by

a3a1T £ra2a4 a3a2T £a1Ta4 .
51(4)/\/1(1‘“1,2*“2,4‘“4)zz'(f P N | )M(r,2+,4—) (C.24)

214 224

Then using (C.22) and (C.24) we get the following relation

fa1a2:vf$ll3ll4 <_Z>\1 _ M _|_ & ul2> M(]__7 2+,4_)
294 Z14 ul 212
= i ()P, (M1, 2402 479) 1 (2 4 idg + idg) £ (A)M(170, 2702 4ma)

(C.25)

Gathering the above results, (C.15) can finally be written as

M(l_al , 2-i-az7 3+a3, 4—114)

O(29,29,)
Ag -1 as . as —a1 9ta2 g4—a4

(C.26)

:—z’B(Ag—l,A4+1)[

Thus upto the first the subleading order, the celestial OPE between outgoing gluon
primaries of opposite helicities is given by

OF, 4 (23, 23) O, (24, 74)
@iz i(Ag—1
f n (As—1)

~ —iB(Ag — 1,A4+1) ot (A3+A4)

. , “ _
M Py 1 + i A3 6" j2 | OR i a1, (24, 74)

(C.27)
where P_l,_lozﬁ&l_l = 023+A4 _. The above OPE manifestly satisfies both the
leading as well as the subleading conformal soft gluon theorem.
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