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1 Introduction and results

In four dimensional asymptotically flat space time the asymptotic symmetries are infinite
dimensional [1–11, 13–21] and so in a holographic description the dual theory must have
infinite dimensional global symmetry. It has been conjectured [6–10, 21] that the global
symmetry group of the dual theory contains the local conformal or Virasoro symmetry. As
a result the dual theory is a two dimensional CFT. In this note we study this conjecture
in the context of celestial holography [22–63].

We revisit the global symmetries of the tree level MHV graviton scattering amplitudes
calculated in General Relativity. In [13] we studied the celestial MHV amplitudes in great
detail and showed that the celestial OPE between two graviton primaries in the MHV
sector can be written as a linear combination of SL(2,C) current algebra, supetranslations
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and global SL(2,C) descendants. Moreover, due to the existence of the null states [13],1

Ψ∆(z, z̄) =
[
J1
−1P−1,−1 − (∆− 1)P−2,0

]
G+

∆(z, z̄) = 0 (1.1)

and

Φ∆(z, z̄) =
[
L−1P−1,−1 + 2J0

−1P−1,−1 − (∆ + 1)P−2,−1 − L̄−1P−2,0
]
G+

∆(z, z̄) = 0 (1.2)

one can write down differential equations which can be solved to determine the MHV
graviton scattering amplitudes. Therefore the MHV amplitudes are completely determined
by the SL(2,C) current algebra, supetranslations and the global SL(2,C) symmetries.

In this paper we point out that the celestial OPE of two graviotns in the MHV sector
is actually invariant under the infinite dimensional Viarasoro algebra whose global part
is the SL(2,C) algebra. This shows that the symmetries of the MHV graviton scattering
amplitudes is a semi-direct product of the Virasoro algebra, SL(2,C) current algebra and
supertranslations.2 Since we get only one copy of the Virasoro algebra, the holographic dual
theory which computes the MHV graviton scattering amplitudes is a chiral (celestial) CFT.

For the sake of completeness let us now write down the symmetry algebra.

1.1 Virasoro algebra

[Lm, Ln] = (m− n)Lm+n + c

12n(n2 − 1)δm+n,0 m,n ∈ Z . (1.3)

Although we have written down the central charge term in the Virasoro algebra, our
demonstration of Virasoro invariance of the celestial OPE does not allow us to determine
the value of the central charge c. So we leave the determination of c to future work.

1.2 SL(2,CCC) current algebra[
Jam, J

b
n

]
= (a− b)Ja+b

m+n, a, b = 0,±1, m, n ∈ Z (1.4)

J1
0 = L̄1, J0

0 = L̄0, J−1
0 = L̄−1 . (1.5)

1.3 Supertranslation [
Pm,n, Pm′,n′

]
= 0, n, n′ = 0,−1 . (1.6)

1.4 Mixed commutators

[J1
m, Pn,−1] = Pm+n,0, [J0

m, Pn,−1] = 1
2Pm+n,−1, [J−1

m , Pn,−1] = 0 (1.7)[
J1
m, Pn,0

]
= 0,

[
J0
m, Pn,0

]
= −1

2Pm+n,0, [J−1
m , Pn,0] = −Pm+n,−1 (1.8)

[Lm, Jan ] = −nJam+n, m ∈ Z, n ∈ Z (1.9)

[Ln, Pa,b] =
(
n− 1

2 − a
)
Pa+n,b, n ∈ Z, a ∈ Z, b = 0,−1 . (1.10)

1The generators of the SL(2,C) current algebra are denoted by Jan where a = 0,±1 and n ∈ Z. Similarly
we denote the generators of the supertranslations coming from the positive helicity soft graviton by Pn,b
where n ∈ Z and b = 0,−1. For further details on the symmetry algebra and null states we refer the reader
to [13].

2See [71] for a potential derivation of this symmetry algebra from the bulk gravity point of view.
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The symmetry algebra that we have shown can be further extended by including the
subsubleading soft graviton symmetry [14–16] and an infinite number of other soft sym-
metries [14, 16] which appear when the scaling dimension of a (positive helicity) graviton
primary assumes negative integer values.

2 Virasoro invariance of the OPE in the MHV sector

Consider the celestial OPE between two positive helicity outgoing gravitons in the MHV
sector. This is given by [13],

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
MHV

= z̄

z
B(∆1− 1,∆2− 1)

[
−P−1,−1 + z

(
c1J

0
−1P−1,−1 + c2P−2,−1

)
+z2

(
c3J

0
−2P−1,−1 + c4P−3,−1 + c5

(
2L−1P−2,−1− 2L̄−1P−3,0 + 2L−1L̄−1P−2,0−L2

−1P−1,−1
))

+O(z3)
]
G+

∆1+∆2−1(0) + · · ·
(2.1)

The descendant OPE coefficients denoted above by ci are given by

c1 = 2(∆1 − 1)
∆1 + ∆2 − 2 , c2 = −∆1, c3 = 2(∆1 − 1)(∆2 − 1)

(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) ,

c4 = − ∆1∆2
∆1 + ∆2 − 1 , c5 = ∆1(∆1 − 1)

2(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) .
(2.2)

In (2.1) we have, for simplicity, kept only terms of the O(z̄zn) where n ≥ −1 because
under the action of the Virasoro generators these terms do not mix with other terms in
the OPE.

We already know [13] that the OPE (2.1) is invariant under the action of the global
generator L1. In this section we show that both sides of the OPE (2.1) transform in the
same way under the action of the first Virasoro generator L2. This check is non-trivial
because the OPE (2.1) has terms of O(z̄z).

It is important to note that theO(z̄z) term in (2.1) does not contain the L−2 descendant
of the graviton primary and so the Virasoro central charge c does not play any role in the
process of checking the Virasoro invariance. Let us now spell out the details.

2.1 L2 invariance

Let us start with the OPE

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
MHV

= z̄

z
B(∆1− 1,∆2− 1)

[
−P−1,−1 + z

(
c1J

0
−1P−1,−1 + c2P−2,−1

)
+z2

(
c3J

0
−2P−1,−1 + c4P−3,−1 + c5

(
2L−1P−2,−1− 2L̄−1P−3,0 + 2L−1L̄−1P−2,0−L2

−1P−1,−1
))

+O(z3)
]
G+

∆1+∆2−1(0) + · · ·
(2.3)
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We now show that both sides of (2.3) transform in the same way under the action
of the Virasoro generator L2. For this we take the gravitons in the OPE to be Virasoro
primaries so that they satisfy3

[L2, Gh,h̄(z, z̄)] = z2(z∂z + 3h)Gh,h̄(z, z̄) . (2.4)

Now we apply L2 to the l.h.s. of (2.3) and obtain using (2.4)

[L2, G
+
∆1

(z, z̄)G+
∆2

(0)] = z2(z∂z + 3h1)G+
∆1

(z, z̄)G+
∆2

(0) ∼ O(z̄z) + · · · (2.5)

where the dots denote terms of O(z̄z2) and higher. The leading O(z̄z) term in (2.5) is
given by,

[L2, G
+
∆1

(z, z̄)G+
∆2

(0)]
∣∣∣
O(zz̄)

= zz̄ B(∆1 − 1,∆2 − 1) (1− 3h1)P−1,−1G
+
∆1+∆2−1(0)

= −zz̄ B(∆1 − 1,∆2 − 1) (3∆1 + 4)
2 P−1,−1G

+
∆1+∆2−1(0) .

(2.6)

Now we apply to L2 to the r.h.s. of the OPE (2.3). Using the following commutation
relations

[Lm, Jan ] = −nJam+n, [Lm, Pr,s] =
(
m− 1

2 − r
)
Pr+m,s,

[Jam, Jbn] = (a− b)Ja+b
m+n, [Pm,n, Pr,s] = 0

(2.7)

and the values of the coefficients c3, c4, c5 given in (2.2) we find that the action of L2 on
the r.h.s. of (2.3) yields

zz̄ B(∆1− 1,∆2− 1)
[
(∆1 + ∆2− 2)c3 + 7c4

2 − 3c5(∆1 + ∆2− 2)
]
P−1,−1G

+
∆1+∆2−1(0) + · · ·

= −zz̄ B(∆1− 1,∆2− 1) (3∆1 + 4)
2 P−1,−1G

+
∆1+∆2−1(0) + · · ·

(2.8)
where the dots denote terms higher order in z. We can see that the O(z̄z) terms in (2.6)
and (2.8) match precisely as expected from the Virasoro invariance of the OPE (2.1).

In the appendix we perform more checks of the Virasoro invariance of the celestial
OPE of ++ and +− helicity gravitons in the MHV sector.

2.2 Reorganising the OPE in terms of Virasoro primaries and descendants

We have shown that up to O(z̄z) terms the OPE of positive helicity outgoing gravitons
in the MHV sector given by (2.1) is invariant under the (holomorphic) Virasoro symme-
try. This implies that this OPE can be reorganised according to representations of the
Virasoro symmetry algebra as is usually done in 2-d CFTs. In other words, we want to
show that every term at a particular order in the OPE is either a Virasoro primary or a
Virasoro descendant of another Virasoro primary which appears at a lower order in z. The

3Here (h, h̄) denote the holomorphic and antiholomorphic conformal dimensions given by h = ∆+σ
2 and

h̄ = ∆−σ
2 where σ is the helicity of the graviton.
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OPE coefficient multiplying a Virasoro primary cannot be obtained by using the Virasoro
symmetry alone but the OPE coefficient multiplying a Virasoro descendant is uniquely de-
termined by the Virasoro symmetry and the OPE coefficient of the Virasoro primary from
which it descends. For simplicity here we reorganise only the O(z̄zn) terms in the OPE.

Now in terms of Virasoro primaries and descendants, we find that the positive helicity
OPE (2.1) can be expressed as

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
MHV

= z̄

z
B(∆1− 1,∆2− 1)

[
C12φ1

(
1 + zβ

(1)
φ1
L−1 + z2β

(1,1)
φ1

L2
−1 + z2β

(2)
φ1
L−2

)
φ1(0)

+ zC12φ2

(
1 + zβ

(1)
φ2
L−1

)
φ2(0) + zC12φ3

(
1 + zβ

(1)
φ3
L−1

)
φ3(0) + z2C12φ4φ4(0) + · · ·

]
+ · · ·

(2.9)
where φi(0) with i = 1, 2, 3, 4 are Virasoro primaries. Thus they satisfy the conditions

L0φi(0) = hφiφi(0), Lmφi(0) = 0, m ≥ 1 (2.10)

where hφi is the scaling dimension of the Virasoro primary φi(0).
The coefficients C12φi in (2.9) are given by

C12φ1 = −1, C12φ2 = ∆1 − 1
∆1 + ∆2 − 2 , C12φ3 = ∆1 −∆2

∆1 + ∆2 − 2 , C12φ4 = − ∆1∆2
∆1 + ∆2 − 1 .

(2.11)

The β(~k)
φi

’s in (2.9) are completely determined by the Virasoro algebra and are given by

β
(1)
φi

= h1 − h2 + hφi
2hφi

,

β
(1,1)
φi

= 4hφi
(
2(h1 − h2 + hφi)2 + h2 − 4h1 − hφi

)
+ c(h1 − h2 + hφi)(h1 − h2 + hφi + 1)

4hφi (c+ 2chφi + 2hφi(8hφi − 5))

β
(2)
φi

= hφi(2h1 + 2h2 + hφi − 1) + h1 + h2 − 3(h1 − h2)2

(c+ 2chφi + 2hφi(8hφi − 5))
(2.12)

where h1, h2 are the holomorphic weights of the primary operators whose OPE is being
considered and hφi is the holomorphic weight of the Virasoro primary φi(0) which appears
in this OPE. In our case

h1 = ∆1 + 2
2 , h2 = ∆2 + 2

2 . (2.13)

Finally, the explicit expressions for the Virasoro primaries φi(0) are as follows

φ1(0) = P−1,−1G
+
∆1+∆2−1(0), φ2(0) = L̄−1P−2,0G

+
∆1+∆2−1(0),

φ3(0) =
(
P−2,−1 −

2
(∆1 + ∆2 + 2)L−1P−1,−1

)
G+

∆1+∆2−1(0)

φ4(0) =
(
P−3,−1 + a1J

0
−2P−1,−1 + a2L−2P−1,−1 + a3L

2
−1P−1,−1

+ a4L−1P−2,−1 + a5L−1L̄−1P−2,0 + a6L̄−1P−3,0

)
G+

∆1+∆2−1(0)

(2.14)
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where the coefficients denoted by ai and bi are given by

a1 = 2(∆1 − 1)(∆2 − 1)
C12φ4(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) , a2 = −

C12φ1 β
(2)
φ1

C12φ4

,

a3 = 1
C12φ4

− ∆1(∆1 − 1)
2(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) − C12φ1 β

(1,1)
φ1

+
2C12φ3 β

(1)
φ3

(∆1 + ∆2 + 2)

 ,
a4 = 1

C12φ4

( ∆1(∆1 − 1)
(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) − C12φ3 β

(1)
φ3

)
,

a5 = 1
C12φ4

( ∆1(∆1 − 1)
(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) − C12φ2 β

(1)
φ2

)
,

a6 = − ∆1(∆1 − 1)
C12φ4(∆1 + ∆2 − 2)(∆1 + ∆2 − 1) .

(2.15)

As we have already mentioned we are not able to determine the value of the Virasoro
central charge c in this way. The reason being that the O(z̄z) term in the OPE (2.1) does
not contain the L−2 descendant of the graviton primary and so both sides of the OPE (2.1)
transform in the same way under L2 irrespective of the value of the central charge c. This
is also evident from the decomposition (2.9) which holds for arbitrary value of the central
charge c. In particular the states φi(0) are Virasoro primaries for any value of the central
charge as can be easily checked. We leave the determination of the value of the central
charge to future research.4

3 Discussion

Since the MHV sector is manifestly Virasoro invariant, the dual theory which computes
the MHV scattering amplitudes has a stress tensor T (z) whose modes are the Virasoro
generators Ln. In celestial CFT the stress tensor is given by [6, 9, 10] the shadow of the
subleading conformally soft graviton. In particular the holomorphic stress tensor T (z) is
the shadow of the negative helicity subleading soft graviton. Let us try to explain the
appearance of T (z) in the MHV sector along this line.

So consider the NMHV amplitudes of the form 〈− − −+ + · · ·+〉. Now if we make one
of the negative helicity gravitons subleading (conformally) soft [12, 64–70] then the NMHV
amplitude soft factorises via the MHV amplitude 〈− −+ + · · ·+〉 and this can explain
the appearance of the stress tensor T (z) in the MHV sector. But for various reasons this
explanation cannot be complete. For example, the negative helicity subleading soft graviton
gives rise to SL(2,C) current algebra and its shadow gives the holomorphic stress tensor
T (z). Although we find the stress tensor T (z) in the MHV sector, the SL(2,C) current
algebra is not visible in the MHV sector. It is not clear that why these two symmetry
algebras arising from the negative helicity subleading soft graviton are not treated on an
equal footing. Similarly, we also have positive helicity soft graviton in the MHV sector

4Since we are considering tree level scattering amplitudes, presumably the value of the central charge c
is zero.
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and we do find the SL(2,C) current algebra symmetry [13] in the MHV sector but not the
Virasoro symmetry. It may be that not all symmetries are manifest [16] at the level of
OPE. We hope to return to these issues in future.
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A Virasoro invariance of positive helicity OPE: further checks

In this section, we provide additional checks of the Virasoro invariance of the positive
helicity graviton OPE in the MHV sector. In particular we first compute the O(z2) terms
in the OPE in subsection A.1. The invariance of the OPE at this order under the action
of L2 is proved in subection A.2. In subsection A.3, we rewrite the terms of O(zn) upto
n = 2 in the positive helicity OPE according to of Virasoro primaries and descendants.

A.1 O(z2) terms in positive helicity OPE

Here we compute the O(z2) terms in the OPE between positive helicity graviton primaries
in the MHV sector. The operators which can appear at this order must have dimensions(

7+h
2 , h̄−1

2

)
, where (h, h̄) =

(
∆1+∆2+1

2 , ∆1+∆2−3
2

)
. We then assume the following ansatz

for the O(z2) OPE5

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
O(z2)

= z2B(∆1− 1,∆2− 1)
[
x1P−4,0 +x2J

1
−3P−1,−1 +x3L

2
−1P−2,0 +x4L−1P−3,0

]
G+

∆1+∆2−1(0)

(A.1)
where x1, x2, x3, x4 are as of yet undetermined coefficients. Note that using the null state
relations [

L−1P−2,0 + J1
−2P−1,−1 − (∆1 + ∆2)P−3,0

]
G+

∆1+∆2−1(0) = 0 (A.2)[
L−1P−1,−1 + 2J0

−1P−1,−1 − (∆1 + ∆2)P−2,−1 − L̄−1P−2,0
]
G+

∆1+∆2−1(0) = 0 (A.3)

5The ansatz (A.1) is not the most general one, since it is possible to write down additional descendants
with dimensions

(
7+h

2 , h̄−1
2

)
. As we will see in this section, the coefficients x1, x2, x3, x4 in (A.1) can

be uniquely determined using the underlying symmetry algebras. This justifies why it is sufficient to
consider (A.1).
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we can express (A.1) purely in terms of SL(2,C) current algebra and supertranslation
descendants. But for the purpose of determining the coefficients xi, it turns out to be more
convenient to work with the form of the OPE given in (A.1).

We will now compute the xi’s by demanding that both sides of the OPE transform in
the same way under the action of the underlying symmetries. For this, let us first act with
the SL(2,C) current algebra generator J0

1 on both sides of (A.1).
The action of J0

1 on a conformal primary φh,h̄(z, z̄) is given by

[J0
1 , φh,h̄(z, z̄)] = z(z̄∂z̄ + h̄)φh,h̄(z, z̄) . (A.4)

Using this we get

[J0
1 , G

+
∆1

(z, z̄)G+
∆2

(0)] = z(z̄∂z̄ + h̄1)G+
∆1

(z, z̄)G+
∆2

(0) (A.5)

where h̄1 = (∆1 − 2)/2. Then plugging in the O(z) OPE into the r.h.s. of (A.5) yields

[J0
1 , G

+
∆1

(z, z̄)G+
∆2

(0)]
∣∣∣
O(z2)

= z2B(∆1 − 1,∆2 − 1) h̄1

[
∆1P−3,0 −

(∆1 − 1)
(∆1 + ∆2 − 2)J

1
−2P−1,−1

]
G+

∆1+∆2−1(0) .
(A.6)

Now applying J0
1 to the r.h.s. of (A.1) and using the commutation relations given

in (2.7) we obtain

[J0
1 , G

+
∆1

(z, z̄)G+
∆2

(0)]
∣∣∣
O(z2)

= z2B(∆1 − 1,∆2 − 1)
[(
−x1

2 − 2x4 + (∆1 + ∆2)(∆1 + ∆2 − 4)x3

)
P−3,0

+
(
−x2 − x3(∆1 + ∆2 − 4) + x4

2

)
J1
−2P−1,−1

]
G+

∆1+∆2−1(0) .

(A.7)

In arriving at (A.7), we have also used the null state relation (A.2). Now invariance of
the OPE under J0

1 implies that (A.6) and (A.7) should match. As a result we get

− x1
2 − 2x4 + (∆1 + ∆2)(∆1 + ∆2 − 4)x3 = h̄1∆1 (A.8)

and
x2 + x3(∆1 + ∆2 − 4)− x4

2 = h̄1(∆1 − 1)
(∆1 + ∆2 − 2) . (A.9)

We need a few more equations to solve for all the xi’s. So, let us act with the global
spacetime translation generator P0,−1 on both sides of (A.1). P0,−1 acts on a outgoing
conformal primary φh,h̄(z, z̄) as follows

[P0,−1, φh,h̄(z, z̄)] = zφh+1/2,h̄+1/2(z, z̄) . (A.10)

(A.10) then implies

[P0,−1, G
+
∆1

(z, z̄)G+
∆2

(0)] = zG+
∆1+1(z, z̄)G+

∆2
(0) . (A.11)
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Inserting the O(z) OPE in the r.h.s. of (A.11) then gives

[P0,−1, G
+
∆1

(z, z̄)G+
∆2

(0)]
∣∣∣
O(z2)

= z2B(∆1,∆2 − 1)
[
(∆1 + 1)P−3,0 −

∆1
(∆1 + ∆2 − 1)J

1
−2P−1,−1

]
G+

∆1+∆2
(0) .

(A.12)

Now evaluating the action of P0,−1 on the r.h.s. of (A.1) we get

[P 0
1 , G

+
∆1

(z, z̄)G+
∆2

(0)]
∣∣∣
O(z2)

= z2B(∆1− 1,∆2− 1)
[
(−x2 +x4 + 2x3(∆1 + ∆2 + 1))P−3,0− 2x3J

1
−2P−1,−1

]
G+

∆1+∆2
(0)

(A.13)
where we have once again used the null state (A.2). Now (A.12) and (A.13) should match
in order for the O(z2) OPE to be invariant under P0,−1. Therefore, we get

x4 + 2x3(∆1 + ∆2 + 1)− x2 = (∆1 + 1)(∆1 − 1)
(∆1 + ∆2 − 2) (A.14)

and
x3 = ∆1(∆1 − 1)

2(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) . (A.15)

Equations (A.9) and (A.14) can be simultaneously solved to give

x2 = − (∆1 − 1)(∆2 − 1)
(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) (A.16)

x4 = − ∆1(∆1 − 1)
(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) . (A.17)

Plugging these results in (A.8) then yields

x1 = ∆1∆2
∆1 + ∆2 − 1 . (A.18)

The O(z2) OPE (A.1) then takes the form

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
O(z2)

= z2B(∆1 − 1,∆2 − 1)
[
x1P−4,0 + x2J

1
−3P−1,−1

+ x3
(
L2
−1P−2,0 − 2L−1P−3,0

) ]
G+

∆1+∆2−1(0)
(A.19)

where

x1 = ∆1∆2
∆1 + ∆2 − 1 , x2 = − (∆1 − 1)(∆2 − 1)

(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) ,

x3 = ∆1(∆1 − 1)
2(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) .

(A.20)
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A.2 L2 invariance of O(z2) terms in positive helicity OPE

We will now show that theO(z2) OPE computed in the previous section and given by (A.19)
is invariant under the action of L2. In order to do this we start with the Virasoro trans-
formation property of graviton primaries (2.4)

[L2, G
+
∆1

(z, z̄)G+
∆2

(0)] = z2(z∂z + 3h1)G+
∆1

(z, z̄)G+
∆2

(0) . (A.21)

Substituting the O(z0z̄0) OPE into the r.h.s. of (A.21) then yields

[L2, G
+
∆1

(z, z̄)G+
∆2

(0)]
∣∣∣
O(z2)

= z2B(∆1 − 1,∆2 − 1) 3h1P−2,0G
+
∆1+∆2−1(0)

= z2B(∆1 − 1,∆2 − 1) 3(∆1 + 2)
2 P−2,0G

+
∆1+∆2−1(0) .

(A.22)

Now using the commutation relations (2.7) and the values of x1, x2, x3 from (A.20) we
find that the action of L2 on the r.h.s. of (A.19) gives6

z2B(∆1 − 1,∆2 − 1)
[9x1

2 + 3x2(∆1 + ∆2 − 2) + 3x3(∆1 + ∆2 − 2)
]
P−2,0G

+
∆1+∆2−1(0)

= z2B(∆1 − 1,∆2 − 1) 3(∆1 + 2)
2 P−2,0G

+
∆1+∆2−1(0) .

(A.23)

This matches with (A.22) and hence exhibits the Virasoro invariance of the O(z2)
terms in the OPE (A.19). Let us again note here that as in the O(zz̄) OPE, the L−2
descendant of G+

∆1+∆2
does not appear in the OPE (A.19). Therefore our calculation here

is insensitive to the central charge of the Virasoro algebra and Virasoro invariance of (A.19)
continues to hold for any value of the central charge.

A.3 Reorganising OPE in terms of Virasoro primaries and descendants

In section 2.2 we showed that the O(z̄zn) terms in the positive helicity graviton OPE in
the MHV sector can be reorganised according to Virasoro primaries and descendants. Here
we provide another example of this reorganisation by considering terms of O(zn) in the
OPE. So, let us begin with the following set of terms in the OPE,

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
MHV

= B(∆1− 1,∆2− 1)
[
P−2,0 + z

(
d1P−3,0 + d2J

1
−2P−1,−1

)
+z2

(
x1P−4,0 +x2J

1
−3P−1,−1 +x3

(
L2
−1P−2,0− 2L−1P−3,0

))
+O

(
z3
)]
G+

∆1+∆2−1(0) + · · ·
(A.24)

where d1, d2 in (A.25) were obtained using symmetries in [13] and are given by

d1 = ∆1, d2 = − ∆1 − 1
∆1 + ∆2 − 2 . (A.25)

6In order to derive (A.23) we have also used the relation
(
J1
−1P−1,−1 − (∆− 1)P−2,0

)
G+

∆ = 0.

– 10 –
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x1, x2, x3 are given in (A.20). Now (A.24) can also be written as

G+
∆1

(z, z̄)G+
∆2

(0)
∣∣∣
MHV

= B(∆1 − 1,∆2 − 1)
[
C12ψ1

(
1 + zβ

(1)
ψ1
L−1 + z2β

(1,1)
1 L2

−1 + z2β
(2)
ψ1
L−2

)
ψ1(0)

+zC12ψ2

(
1 + zβ

(1)
ψ2
L−1

)
ψ2(0) + z2C12ψ3ψ3(0) +O

(
z3
)]

+ · · ·

(A.26)

where ψi(0) with i = 1, 2, 3 are Virasoro primaries for arbitrary values of the central charge.
Their explicit expressions are

ψ1(0) = P−2,0G
+
∆1+∆2−1(0), ψ2(0) =

(
P−3,0 −

3
(∆1 + ∆2 + 4)L−1P−2,0

)
G+

∆1+∆2−1(0),

ψ3(0) =
(
P−4,0 + b1J

1
−3P−1,−1 + b2L−1P−3,0 + b3L

2
−1P−2,0 + b4L−2P−2,0

)
G+

∆1+∆2−1(0)

(A.27)

where the bi’s in (A.27) are given by

b1 = − (∆1 − 1)(∆2 − 1)
C12ψ3(∆1 + ∆2 − 1)(∆1 + ∆2 − 2)

b2 = 1
C12ψ3

(
− (∆1 − 1)(∆2 − 1)

(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) − C12ψ2 β
(1)
ψ2

)

b3 = 1
C12ψ3

( (∆1 − 1)(∆2 − 1)
2(∆1 + ∆2 − 1)(∆1 + ∆2 − 2) − C12ψ1 β

(1,1)
ψ1

+
3C12ψ2 β

(1)
ψ2

(∆1 + ∆2 + 4)

)

b4 = −
C12ψ1 β

(2)
ψ1

C12ψ3

.

(A.28)

The coefficients C12ψi in (A.26) are given by

C12ψ1 = 1, C12ψ2 = ∆2 −∆1
∆1 + ∆2 − 2 , C12ψ3 = ∆1∆2

∆1 + ∆2 − 1 . (A.29)

Note that the C12ψi ’s cannot be determined by using only the Virasoro algebra. The
coefficients β(~k)

ψi
in (A.26) are uniquely fixed by the Virasoro algebra. The explicit formulae

for the β(~k)
ψi

’s take the same form as in (2.12) with hφi replaced by hψi , where hψi denotes
the holomorphic weight of the Virasoro primary ψi appearing in the r.h.s. of (A.26).

B Virasoro invariance of mixed helicity OPE

In this section of the appendix, we consider the celestial OPE between an outgoing positive
helicity graviton primary and an outgoing negative helicity graviton primary in the MHV
sector. Here we show that this mixed helicity OPE is also Virasoro invariant. In order
to furnish a non-trivial check of Virasoro invariance we first compute the O(zz̄) terms in
the mixed helicity OPE in subsection B.1. This is followed by an explicit check of the
invariance of this OPE under the action of L2 in subsection B.2. In subsection B.3 it is
shown that the mixed helicity OPE can be organised according to Virasoro representations.
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B.1 O(zz̄) term in mixed helicity OPE using symmetries

The operators which can appear at O(zz̄) in the mixed helicity OPE should have weights(
3+h

2 , h̄+1
2

)
, where (h, h̄) =

(
∆1+∆2−3

2 , ∆1+∆2+1
2

)
. Let us then consider the OPE at this

order to take the following form

G+
∆1

(z, z̄)G−∆2
(0)
∣∣∣
O(zz̄)

= zz̄ B(∆1 − 1,∆2 + 3)
[(
α1J

0
−2P−1,−1 + α2P−3,−1 + α3J

0
−1P−2,−1 + α4(J0

−1)2P−1,−1

+α5L̄−1P−3,0 + α6L̄−1J
0
−1P−2,0 + α7J

−1
−1P−2,0 + α8L̄−1J

1
−2P−1,−1

)
G−∆1+∆2−1(0)

+
(
α9P

2
−2,−1 + α10L̄−1P−2,−1P−2,0 + α11L̄

2
−1P

2
−2,0

)
G−∆1+∆2−2(0)

]
(B.1)

where αi, i = 1, 2, . . . , 11 are as of yet unknown coefficients. In order to determine these
using symmetries we follow the same procedure as in section A.1. We impose that both
sides of the OPE (B.1) transform identically under the action of supertranslations and the
SL(2,C) current algebra. This yields a system of equations for the αi’s which can then be
simultaneously solved. In particular we will apply below the generators P0,−1, P−1,0 and
J1

0 for deriving these equations.
First let us consider acting with P0,−1. Demanding both sides of (B.1) to transform

in the same fashion under the action of P0,−1 leads to

α4 = − 2∆1(∆1 − 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) (B.2)

−α1
2 −

α3
2 + α4

4 = −(∆1 + 1)(∆1 − 1)
∆1 + ∆2 + 2 (B.3)

α6 + 2α8 = 0 . (B.4)

Next we act with P−1,0 on both sides of the OPE (B.1). In this case we obtain

α6 = −α4 = 2∆1(∆1 − 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) (B.5)

α8 = − ∆1(∆1 − 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) (B.6)

α11 = −α6
4 = − ∆1(∆1 − 1)

2(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) (B.7)

α1
2 + α4

4 + α5 − α8 = (∆1 + 1)(∆1 − 1)
∆1 + ∆2 + 2 (B.8)

α3
2 −

α6
2 + α7 + α10 = 0 . (B.9)

Finally invariance of the OPE under the action of J1
0 yields

α1 + α4 + (2h̄− 1)α8 = − 2h̄1(∆1 − 1)
∆1 + ∆2 + 2 (B.10)

α2 + α3 + (2h̄− 1)α5 = 2h̄1∆1 (B.11)
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α3 + 2(∆ + 3)α4 + (2h̄− 1)α6 + 2α7 = 0 (B.12)

(∆ + 2)α3 + 2α9 + (2h̄− 1)α10 = 0 (B.13)

(∆ + 2)α6 + α10 + 4(h̄− 1)α11 = 0 . (B.14)

The above system of equations can be solved to uniquely determine all the αi’s. These
are as follows

α1 = (∆1− 1)(∆1 + 2∆2 + 6)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) , α2 = −∆1, α3 = 2∆1(∆1− 1)

∆1 + ∆2 + 2 ,

α4 = − 2∆1(∆1− 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) , α5 = ∆1(∆1− 1)

∆1 + ∆2 + 2 , α6 = 2∆1(∆1− 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3)

α7 = ∆1(∆1− 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) , α8 = − ∆1(∆1− 1)

(∆1 + ∆2 + 2)(∆1 + ∆2 + 3)

α9 = −∆1(∆1− 1)
2 , α10 = − ∆1(∆1− 1)

∆1 + ∆2 + 2 , α11 = − ∆1(∆1− 1)
2(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) .

(B.15)

B.2 L2 invariance of O(zz̄) terms in mixed helicity OPE

We shall now verify that the mixed helicity OPE at O(zz̄) (B.1) is invariant under L2. For
this we act with L2 on both sides of (B.1). From the l.h.s. we get

[L2, G
+
∆1

(z, z̄)G−∆2
(0)]

∣∣∣
O(zz̄)

= −zz̄ B(∆1 − 1,∆2 + 3) (3∆1 + 4)
2 P−1,−1G

−
∆1+∆2−1(0) .

(B.16)
The action of L2 on the r.h.s. of (B.1) evaluates to

zz̄ B(∆1 − 1,∆2 + 3)
[
(∆1 + ∆2 + 2)α1 + 7α2

2 + α5 −
α6
2

]
P−1,−1G

−
∆1+∆2−1(0) . (B.17)

Using the values of α1, α2, α5, α6 from (B.15), we find that (B.17) simplifies to

− zz̄ B(∆1 − 1,∆2 + 3) (3∆1 + 4)
2 P−1,−1G

−
∆1+∆2−1(0) . (B.18)

This matches with (B.16) and thereby proves that the O(zz̄) term in the mixed helicity
OPE is Virasoro invariant. As in the case of the positive helicity OPE, the central charge
of the Virasoro algebra does not play any role here.

B.3 Reorganising OPE in terms of Virasoro primaries and descendants

In the MHV sector, the mixed helicity graviton OPE takes the following form

G+
∆1

(z, z̄)G−∆2
(0)
∣∣∣
MHV

= z̄

z
B(∆1− 1,∆2 + 3)

[
−P−1,−1G

−
∆1+∆2−1(0) + z

(
ρ1J

0
−1P−1,−1 + ρ2P−2,−1

)
G−∆1+∆2−1(0)

+z2
(
α1J

0
−2P−1,−1 +α2P−3,−1 +α5

(
2J0
−1P−2,−1 + L̄−1P−3,0

)
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+α6

2
(
−2(J0

−1)2P−1,−1 + 2L̄−1J
0
−1P−2,0 + J−1

−1P−2,0− L̄−1J
1
−2P−1,−1

))
G−∆1+∆2−1(0)

+ z2 (α9P
2
−2,−1 +α10L̄−1P−2,−1P−2,0 +α11L̄

2
−1P

2
−2,0

)
G−∆1+∆2−2(0) +O

(
z3)]

+B(∆1− 1,∆2 + 3)
[
P−2,0G

−
∆(0) + z

(
η1P−3,0 + η2J

1
−2P−1,−1

)
G−∆1+∆2−1(0) +O

(
z2)]+ · · ·

(B.19)

where ρ1, ρ2 and η1, η2 are given by

ρ1 = 2(∆1 − 1)
∆1 + ∆2 + 2 , ρ2 = −∆1, η1 = ∆1, η2 = − ∆1 − 1

∆1 + ∆2 + 2 . (B.20)

The values of ρ1, ρ2 were computed previously in [13]. Although we have not shown in
this paper, η1, η2 can also be easily obtained from symmetries. The αi’s are given by (B.15).
The dots in (B.19) denote further terms which we have suppressed for simplicity.

Now it is again possible to rearrange (B.19) in terms of Virasoro primaries and de-
scendants, so as to make the Virasoro invariance of the OPE manifest. Carrying out this
reorganisation we find the following result

G+
∆1

(z, z̄)G−∆2
(0)
∣∣∣
MHV

= z̄

z
B(∆1− 1,∆2 + 3)

[
C12ϕ1

(
1 + zβ(1)

ϕ1 L−1 + z2β(1,1)
ϕ1 L2

−1 + z2β(2)
ϕ1 L−2

)
ϕ1(0)

+ zC12ϕ2

(
1 + zβ(1)

ϕ2 L−1
)
ϕ2(0) + zC12ϕ3

(
1 + zβ(1)

ϕ3 L−1
)
ϕ3(0) + z2C12ϕ4ϕ4(0) +O

(
z3
) ]

+B(∆1− 1,∆2 + 3)
[
C12Ω1

(
1 + zβ

(1)
Ω1
L−1

)
Ω1(0) + zC12Ω2 Ω2(0) +O

(
z2
) ]

+ · · ·

(B.21)
where the operators denoted by ϕi(0) and Ωi(0) are Virasoro primaries (for any value of the
central charge). Their explicit expressions are given by (B.23) and (B.24). The coefficients
C12ϕi and C12Ωi are

C12ϕ1 = −1, C12ϕ2 = −∆1, C12ϕ3 = −∆1, C12Ω1 = 1, C12Ω2 = ∆1 . (B.22)

Once again it is worth noting that Virasoro symmetry alone does not fix the values
given in (B.22). The coefficients β(~k)

ϕi ’s and β
(~k)
Ωi ’s in (B.21), which are uniquely determined

by the Virasoro algebra, are given by similar expressions as in (2.12). Let us finally note
the expressions for the Virasoro primaries ϕi(0),Ωi(0).

ϕ1(0) = P−1,−1G
−
∆1+∆2−1(0),

ϕ2(0) =
(
P−2,−1−

2(∆1− 1)
∆1(∆1 + ∆2 + 2)J

0
−1P−1,−1−

(∆1 + 1)
∆1(∆1 + ∆2− 2)L−1P−1,−1

)
G−∆1+∆2−1(0)

ϕ3(0) =
[
P−3,−1−

(∆1− 1)(∆1 + 2∆2 + 6)
∆1(∆1 + ∆2 + 3) J0

−2P−1,−1+

− (∆1− 1)
∆1 + ∆2 + 2

(
2J0
−1P−2,−1 + L̄−1P−3,0

)
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+ (∆1− 1)
(∆1 + ∆2 + 2)(∆1 + ∆2 + 3)

(
2(J0
−1)2P−1,−1− 2L̄−1J

0
−1P−2,0+

− J−1
−1P−2,0 + L̄−1J

1
−2P−1,−1

)]
G−∆1+∆2−1(0)

+
(

(∆1− 1)
2 P 2

−2,−1 + (∆1− 1)
∆1 + ∆2 + 2 L̄−1P−2,−1P−2,0

+ (∆1− 1)
2(∆1 + ∆2 + 2)(∆1 + ∆2 + 3) L̄

2
−1P

2
−2,0

)
G−∆1+∆2−2(0)+

− (∆1− 4)(4∆1 + 3)
2∆1(∆1 + ∆2− 2)(4∆1 + ∆2− 13)L

2
−1P−1,−1G

−
∆1+∆2−1(0)+

− (∆1(3∆2− 8) + 4∆2− 10)
∆1(∆1 + ∆2− 2)(4∆1 + ∆2− 13)L−2P−1,−1G

−
∆1+∆2−1(0)− (∆1 + 2)

∆1 + ∆2
L−1ϕ2(0)

(B.23)

and

Ω1(0) = P−2,0G
−
∆1+∆2−1(0),

Ω2(0) =
(
P−3,0 −

(∆1 + 2)
∆1(∆1 + ∆2)L−1P−2,0 −

(∆1 − 1)
∆1(∆1 + ∆2 + 2)J

1
−2P−1,−1

)
G−∆1+∆2−1(0) .

(B.24)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP3 supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] R. Sachs, Asymptotic symmetries in gravitational theory, Phys. Rev. 128 (1962) 2851
[INSPIRE].

[2] H. Bondi, M.G.J. van der Burg and A.W.K. Metzner, Gravitational waves in general
relativity. Part 7. Waves from axisymmetric isolated systems, Proc. Roy. Soc. Lond. A 269
(1962) 21 [INSPIRE].

[3] R.K. Sachs, Gravitational waves in general relativity. Part 8. Waves in asymptotically flat
space-times, Proc. Roy. Soc. Lond. A 270 (1962) 103 [INSPIRE].

[4] A. Strominger, On BMS Invariance of Gravitational Scattering, JHEP 07 (2014) 152
[arXiv:1312.2229] [INSPIRE].

[5] T. He, V. Lysov, P. Mitra and A. Strominger, BMS supertranslations and Weinberg’s soft
graviton theorem, JHEP 05 (2015) 151 [arXiv:1401.7026] [INSPIRE].

[6] A. Strominger and A. Zhiboedov, Gravitational Memory, BMS Supertranslations and Soft
Theorems, JHEP 01 (2016) 086 [arXiv:1411.5745] [INSPIRE].

[7] G. Barnich and C. Troessaert, Symmetries of asymptotically flat 4 dimensional spacetimes at
null infinity revisited, Phys. Rev. Lett. 105 (2010) 111103 [arXiv:0909.2617] [INSPIRE].

[8] G. Barnich and C. Troessaert, Supertranslations call for superrotations, PoS CNCFG2010
(2010) 010 [Ann. U. Craiova Phys. 21 (2011) S11] [arXiv:1102.4632] [INSPIRE].

– 15 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRev.128.2851
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2C128%2C2851%22
https://doi.org/10.1098/rspa.1962.0161
https://doi.org/10.1098/rspa.1962.0161
https://inspirehep.net/search?p=find+J%20%22Proc.Roy.Soc.Lond.%2CA269%2C21%22
https://doi.org/10.1098/rspa.1962.0206
https://inspirehep.net/search?p=find+J%20%22Proc.Roy.Soc.Lond.%2CA270%2C103%22
https://doi.org/10.1007/JHEP07(2014)152
https://arxiv.org/abs/1312.2229
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.2229
https://doi.org/10.1007/JHEP05(2015)151
https://arxiv.org/abs/1401.7026
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.7026
https://doi.org/10.1007/JHEP01(2016)086
https://arxiv.org/abs/1411.5745
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.5745
https://doi.org/10.1103/PhysRevLett.105.111103
https://arxiv.org/abs/0909.2617
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0909.2617
https://doi.org/10.22323/1.127.0010
https://doi.org/10.22323/1.127.0010
https://arxiv.org/abs/1102.4632
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1102.4632


J
H
E
P
0
9
(
2
0
2
2
)
2
3
6

[9] D. Kapec, P. Mitra, A.-M. Raclariu and A. Strominger, 2D Stress Tensor for 4D Gravity,
Phys. Rev. Lett. 119 (2017) 121601 [arXiv:1609.00282] [INSPIRE].

[10] D. Kapec, V. Lysov, S. Pasterski and A. Strominger, Semiclassical Virasoro symmetry of the
quantum gravity S-matrix, JHEP 08 (2014) 058 [arXiv:1406.3312] [INSPIRE].

[11] T. He, D. Kapec, A.-M. Raclariu and A. Strominger, Loop-Corrected Virasoro Symmetry of
4D Quantum Gravity, JHEP 08 (2017) 050 [arXiv:1701.00496] [INSPIRE].

[12] F. Cachazo and A. Strominger, Evidence for a New Soft Graviton Theorem,
arXiv:1404.4091 [INSPIRE].

[13] S. Banerjee, S. Ghosh and P. Paul, MHV graviton scattering amplitudes and current algebra
on the celestial sphere, JHEP 02 (2021) 176 [arXiv:2008.04330] [INSPIRE].

[14] A. Guevara, E. Himwich, M. Pate and A. Strominger, Holographic symmetry algebras for
gauge theory and gravity, JHEP 11 (2021) 152 [arXiv:2103.03961] [INSPIRE].

[15] S. Banerjee, S. Ghosh and S.S. Samal, Subsubleading soft graviton symmetry and MHV
graviton scattering amplitudes, JHEP 08 (2021) 067 [arXiv:2104.02546] [INSPIRE].

[16] A. Strominger, w1+∞ and the Celestial Sphere, arXiv:2105.14346 [INSPIRE].
[17] L. Donnay, S. Pasterski and A. Puhm, Asymptotic Symmetries and Celestial CFT, JHEP 09

(2020) 176 [arXiv:2005.08990] [INSPIRE].
[18] M. Campiglia and A. Laddha, Asymptotic symmetries and subleading soft graviton theorem,

Phys. Rev. D 90 (2014) 124028 [arXiv:1408.2228] [INSPIRE].
[19] M. Campiglia and J. Peraza, Generalized BMS charge algebra, Phys. Rev. D 101 (2020)

104039 [arXiv:2002.06691] [INSPIRE].
[20] G. Compère, A. Fiorucci and R. Ruzziconi, Superboost transitions, refraction memory and

super-Lorentz charge algebra, JHEP 11 (2018) 200 [Erratum JHEP 04 (2020) 172]
[arXiv:1810.00377] [INSPIRE].

[21] A. Bagchi, R. Basu, A. Kakkar and A. Mehra, Flat Holography: Aspects of the dual field
theory, JHEP 12 (2016) 147 [arXiv:1609.06203] [INSPIRE].

[22] S. Pasterski and S.-H. Shao, Conformal basis for flat space amplitudes, Phys. Rev. D 96
(2017) 065022 [arXiv:1705.01027] [INSPIRE].

[23] S. Pasterski, S.-H. Shao and A. Strominger, Flat Space Amplitudes and Conformal Symmetry
of the Celestial Sphere, Phys. Rev. D 96 (2017) 065026 [arXiv:1701.00049] [INSPIRE].

[24] A.-M. Raclariu, Lectures on Celestial Holography, arXiv:2107.02075 [INSPIRE].
[25] A. Strominger, Lectures on the Infrared Structure of Gravity and Gauge Theory,

arXiv:1703.05448 [INSPIRE].
[26] C. Cheung, A. de la Fuente and R. Sundrum, 4D scattering amplitudes and asymptotic

symmetries from 2D CFT, JHEP 01 (2017) 112 [arXiv:1609.00732] [INSPIRE].
[27] J. de Boer and S.N. Solodukhin, A Holographic reduction of Minkowski space-time, Nucl.

Phys. B 665 (2003) 545 [hep-th/0303006] [INSPIRE].
[28] M. Pate, A.-M. Raclariu, A. Strominger and E.Y. Yuan, Celestial operator products of gluons

and gravitons, Rev. Math. Phys. 33 (2021) 2140003 [arXiv:1910.07424] [INSPIRE].
[29] S. Banerjee, S. Ghosh and R. Gonzo, BMS symmetry of celestial OPE, JHEP 04 (2020) 130

[arXiv:2002.00975] [INSPIRE].
[30] S. Banerjee, Null Infinity and Unitary Representation of The Poincaré Group, JHEP 01

(2019) 205 [arXiv:1801.10171] [INSPIRE].

– 16 –

https://doi.org/10.1103/PhysRevLett.119.121601
https://arxiv.org/abs/1609.00282
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.00282
https://doi.org/10.1007/JHEP08(2014)058
https://arxiv.org/abs/1406.3312
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.3312
https://doi.org/10.1007/JHEP08(2017)050
https://arxiv.org/abs/1701.00496
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.00496
https://arxiv.org/abs/1404.4091
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1404.4091
https://doi.org/10.1007/JHEP02(2021)176
https://arxiv.org/abs/2008.04330
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.04330
https://doi.org/10.1007/JHEP11(2021)152
https://arxiv.org/abs/2103.03961
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.03961
https://doi.org/10.1007/JHEP08(2021)067
https://arxiv.org/abs/2104.02546
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.02546
https://arxiv.org/abs/2105.14346
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.14346
https://doi.org/10.1007/JHEP09(2020)176
https://doi.org/10.1007/JHEP09(2020)176
https://arxiv.org/abs/2005.08990
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.08990
https://doi.org/10.1103/PhysRevD.90.124028
https://arxiv.org/abs/1408.2228
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.2228
https://doi.org/10.1103/PhysRevD.101.104039
https://doi.org/10.1103/PhysRevD.101.104039
https://arxiv.org/abs/2002.06691
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.06691
https://doi.org/10.1007/JHEP11(2018)200
https://doi.org/10.1007/JHEP04(2020)172
https://arxiv.org/abs/1810.00377
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.00377
https://doi.org/10.1007/JHEP12(2016)147
https://arxiv.org/abs/1609.06203
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.06203
https://doi.org/10.1103/PhysRevD.96.065022
https://doi.org/10.1103/PhysRevD.96.065022
https://arxiv.org/abs/1705.01027
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.01027
https://doi.org/10.1103/PhysRevD.96.065026
https://arxiv.org/abs/1701.00049
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.00049
https://arxiv.org/abs/2107.02075
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.02075
https://arxiv.org/abs/1703.05448
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.05448
https://doi.org/10.1007/JHEP01(2017)112
https://arxiv.org/abs/1609.00732
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.00732
https://doi.org/10.1016/S0550-3213(03)00494-2
https://doi.org/10.1016/S0550-3213(03)00494-2
https://arxiv.org/abs/hep-th/0303006
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0303006
https://doi.org/10.1142/S0129055X21400031
https://arxiv.org/abs/1910.07424
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.07424
https://doi.org/10.1007/JHEP04(2020)130
https://arxiv.org/abs/2002.00975
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.00975
https://doi.org/10.1007/JHEP01(2019)205
https://doi.org/10.1007/JHEP01(2019)205
https://arxiv.org/abs/1801.10171
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.10171


J
H
E
P
0
9
(
2
0
2
2
)
2
3
6

[31] S. Banerjee, Symmetries of free massless particles and soft theorems, Gen. Rel. Grav. 51
(2019) 128 [arXiv:1804.06646] [INSPIRE].

[32] S. Banerjee, P. Pandey and P. Paul, Conformal properties of soft operators: Use of null
states, Phys. Rev. D 101 (2020) 106014 [arXiv:1902.02309] [INSPIRE].

[33] S. Banerjee and P. Pandey, Conformal properties of soft-operators. Part II. Use of
null-states, JHEP 02 (2020) 067 [arXiv:1906.01650] [INSPIRE].

[34] S. Pasterski, A. Puhm and E. Trevisani, Revisiting the conformally soft sector with celestial
diamonds, JHEP 11 (2021) 143 [arXiv:2105.09792] [INSPIRE].

[35] S. Pasterski, A. Puhm and E. Trevisani, Celestial diamonds: conformal multiplets in celestial
CFT, JHEP 11 (2021) 072 [arXiv:2105.03516] [INSPIRE].

[36] E. Himwich, S.A. Narayanan, M. Pate, N. Paul and A. Strominger, The Soft S-Matrix in
Gravity, JHEP 09 (2020) 129 [arXiv:2005.13433] [INSPIRE].

[37] K. Nguyen and J. Salzer, Celestial IR divergences and the effective action of supertranslation
modes, JHEP 09 (2021) 144 [arXiv:2105.10526] [INSPIRE].

[38] L. Lippstreu, Zwanziger’s pairwise little group on the celestial sphere, JHEP 11 (2021) 051
[arXiv:2106.00084] [INSPIRE].

[39] N. Kalyanapuram, Infrared and Holographic Aspects of the S-Matrix in Gauge Theory and
Gravity, arXiv:2107.06660 [INSPIRE].

[40] Y. Hu, L. Ren, A.Y. Srikant and A. Volovich, Celestial dual superconformal symmetry, MHV
amplitudes and differential equations, JHEP 12 (2021) 171 [arXiv:2106.16111] [INSPIRE].

[41] S. Banerjee, S. Ghosh, P. Pandey and A.P. Saha, Modified celestial amplitude in Einstein
gravity, JHEP 03 (2020) 125 [arXiv:1909.03075] [INSPIRE].

[42] S. Pasterski, S.-H. Shao and A. Strominger, Gluon Amplitudes as 2d Conformal Correlators,
Phys. Rev. D 96 (2017) 085006 [arXiv:1706.03917] [INSPIRE].

[43] S. Banerjee and S. Ghosh, MHV gluon scattering amplitudes from celestial current algebras,
JHEP 10 (2021) 111 [arXiv:2011.00017] [INSPIRE].

[44] S. Pasterski and A. Puhm, Shifting spin on the celestial sphere, Phys. Rev. D 104 (2021)
086020 [arXiv:2012.15694] [INSPIRE].

[45] A. Schreiber, A. Volovich and M. Zlotnikov, Tree-level gluon amplitudes on the celestial
sphere, Phys. Lett. B 781 (2018) 349 [arXiv:1711.08435] [INSPIRE].

[46] C. Cardona and Y.-t. Huang, S-matrix singularities and CFT correlation functions, JHEP
08 (2017) 133 [arXiv:1702.03283] [INSPIRE].

[47] H.T. Lam and S.-H. Shao, Conformal Basis, Optical Theorem, and the Bulk Point
Singularity, Phys. Rev. D 98 (2018) 025020 [arXiv:1711.06138] [INSPIRE].

[48] A. Atanasov, W. Melton, A.-M. Raclariu and A. Strominger, Conformal block expansion in
celestial CFT, Phys. Rev. D 104 (2021) 126033 [arXiv:2104.13432] [INSPIRE].

[49] N. Arkani-Hamed, M. Pate, A.-M. Raclariu and A. Strominger, Celestial amplitudes from
UV to IR, JHEP 08 (2021) 062 [arXiv:2012.04208] [INSPIRE].

[50] N. Banerjee, S. Banerjee, S. Atul Bhatkar and S. Jain, Conformal Structure of Massless
Scalar Amplitudes Beyond Tree level, JHEP 04 (2018) 039 [arXiv:1711.06690] [INSPIRE].

[51] S. Stieberger and T.R. Taylor, Strings on Celestial Sphere, Nucl. Phys. B 935 (2018) 388
[arXiv:1806.05688] [INSPIRE].

– 17 –

https://doi.org/10.1007/s10714-019-2609-z
https://doi.org/10.1007/s10714-019-2609-z
https://arxiv.org/abs/1804.06646
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.06646
https://doi.org/10.1103/PhysRevD.101.106014
https://arxiv.org/abs/1902.02309
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.02309
https://doi.org/10.1007/JHEP02(2020)067
https://arxiv.org/abs/1906.01650
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.01650
https://doi.org/10.1007/JHEP11(2021)143
https://arxiv.org/abs/2105.09792
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.09792
https://doi.org/10.1007/JHEP11(2021)072
https://arxiv.org/abs/2105.03516
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.03516
https://doi.org/10.1007/JHEP09(2020)129
https://arxiv.org/abs/2005.13433
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.13433
https://doi.org/10.1007/JHEP09(2021)144
https://arxiv.org/abs/2105.10526
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.10526
https://doi.org/10.1007/JHEP11(2021)051
https://arxiv.org/abs/2106.00084
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.00084
https://arxiv.org/abs/2107.06660
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2107.06660
https://doi.org/10.1007/JHEP12(2021)171
https://arxiv.org/abs/2106.16111
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.16111
https://doi.org/10.1007/JHEP03(2020)125
https://arxiv.org/abs/1909.03075
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.03075
https://doi.org/10.1103/PhysRevD.96.085006
https://arxiv.org/abs/1706.03917
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.03917
https://doi.org/10.1007/JHEP10(2021)111
https://arxiv.org/abs/2011.00017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.00017
https://doi.org/10.1103/PhysRevD.104.086020
https://doi.org/10.1103/PhysRevD.104.086020
https://arxiv.org/abs/2012.15694
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.15694
https://doi.org/10.1016/j.physletb.2018.04.010
https://arxiv.org/abs/1711.08435
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.08435
https://doi.org/10.1007/JHEP08(2017)133
https://doi.org/10.1007/JHEP08(2017)133
https://arxiv.org/abs/1702.03283
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.03283
https://doi.org/10.1103/PhysRevD.98.025020
https://arxiv.org/abs/1711.06138
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.06138
https://doi.org/10.1103/PhysRevD.104.126033
https://arxiv.org/abs/2104.13432
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.13432
https://doi.org/10.1007/JHEP08(2021)062
https://arxiv.org/abs/2012.04208
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.04208
https://doi.org/10.1007/JHEP04(2018)039
https://arxiv.org/abs/1711.06690
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.06690
https://doi.org/10.1016/j.nuclphysb.2018.08.019
https://arxiv.org/abs/1806.05688
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.05688


J
H
E
P
0
9
(
2
0
2
2
)
2
3
6

[52] S. Stieberger and T.R. Taylor, Symmetries of Celestial Amplitudes, Phys. Lett. B 793 (2019)
141 [arXiv:1812.01080] [INSPIRE].

[53] A. Fotopoulos and T.R. Taylor, Primary Fields in Celestial CFT, JHEP 10 (2019) 167
[arXiv:1906.10149] [INSPIRE].

[54] S. Ebert, A. Sharma and D. Wang, Descendants in celestial CFT and emergent
multi-collinear factorization, JHEP 03 (2021) 030 [arXiv:2009.07881] [INSPIRE].

[55] H.A. González and F. Rojas, The structure of IR divergences in celestial gluon amplitudes,
JHEP 06 (2021) 171 [arXiv:2104.12979] [INSPIRE].

[56] S. Albayrak, C. Chowdhury and S. Kharel, On loop celestial amplitudes for gauge theory and
gravity, Phys. Rev. D 102 (2020) 126020 [arXiv:2007.09338] [INSPIRE].

[57] E. Casali and A. Puhm, Double Copy for Celestial Amplitudes, Phys. Rev. Lett. 126 (2021)
101602 [arXiv:2007.15027] [INSPIRE].

[58] Y.T.A. Law and M. Zlotnikov, Relativistic partial waves for celestial amplitudes, JHEP 11
(2020) 149 [arXiv:2008.02331] [INSPIRE].

[59] H.A. González, A. Puhm and F. Rojas, Loop corrections to celestial amplitudes, Phys. Rev. D
102 (2020) 126027 [arXiv:2009.07290] [INSPIRE].

[60] L. Iacobacci and W. Mück, Conformal Primary Basis for Dirac Spinors, Phys. Rev. D 102
(2020) 106025 [arXiv:2009.02938] [INSPIRE].

[61] S.A. Narayanan, Massive Celestial Fermions, JHEP 12 (2020) 074 [arXiv:2009.03883]
[INSPIRE].

[62] A. Atanasov, A. Ball, W. Melton, A.-M. Raclariu and A. Strominger, (2, 2) Scattering and
the celestial torus, JHEP 07 (2021) 083 [arXiv:2101.09591] [INSPIRE].

[63] A. Sharma, Ambidextrous light transforms for celestial amplitudes, JHEP 01 (2022) 031
[arXiv:2107.06250] [INSPIRE].

[64] L. Donnay, A. Puhm and A. Strominger, Conformally Soft Photons and Gravitons, JHEP 01
(2019) 184 [arXiv:1810.05219] [INSPIRE].

[65] M. Pate, A.-M. Raclariu and A. Strominger, Conformally Soft Theorem in Gauge Theory,
Phys. Rev. D 100 (2019) 085017 [arXiv:1904.10831] [INSPIRE].

[66] W. Fan, A. Fotopoulos and T.R. Taylor, Soft Limits of Yang-Mills Amplitudes and
Conformal Correlators, JHEP 05 (2019) 121 [arXiv:1903.01676] [INSPIRE].

[67] D. Nandan, A. Schreiber, A. Volovich and M. Zlotnikov, Celestial Amplitudes: Conformal
Partial Waves and Soft Limits, JHEP 10 (2019) 018 [arXiv:1904.10940] [INSPIRE].

[68] T. Adamo, L. Mason and A. Sharma, Celestial amplitudes and conformal soft theorems,
Class. Quant. Grav. 36 (2019) 205018 [arXiv:1905.09224] [INSPIRE].

[69] A. Puhm, Conformally Soft Theorem in Gravity, JHEP 09 (2020) 130 [arXiv:1905.09799]
[INSPIRE].

[70] A. Guevara, Notes on Conformal Soft Theorems and Recursion Relations in Gravity,
arXiv:1906.07810 [INSPIRE].

[71] N. Gupta, P. Paul and N.V. Suryanarayana, An ŝl2 Symmetry of R1,3 Gravity,
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