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Abstract. We explain how twistor theory represents the self-dual sector of four dimensional
gravity in terms of the loop group of Poisson diffeomorphisms of the plane via Penrose’s non-
linear graviton construction. The symmetries of the self-dual sector are generated by the
corresponding loop algebra Lwi ;oo of the algebra wiio of these Poisson diffeomorphisms.
We show that these coincide with the infinite tower of soft graviton symmetries in tree-
level perturbative gravity recently discovered in the context of celestial amplitudes. We use
a twistor sigma model for the self-dual sector which describes maps from the Riemann sphere
to the asymptotic twistor space defined from characteristic data at null infinity .#. We show
that the OPE of the sigma model naturally encodes the Poisson structure on twistor space
and gives rise to the celestial realization of Lwi;.. The vertex operators representing soft
gravitons in our model act as currents generating the wedge algebra of wy, and produce
the expected celestial OPE with hard gravitons of both helicities. We also discuss how the
two copies of Lwi 4o, one for each of the self-dual and anti-self-dual sectors, are represented
in the OPEs of vertex operators of the 4d ambitwistor string.
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1 Introduction

Among other things, Roger Penrose is famous in general relativity for his introduction of null
infinity, .#, as the geometry underpinning the asymptotics of massless space-time radiation
fields [56, 57]. In recent years, there has been a resurgence in the study of asymptotic symmetries
and scattering amplitudes at null infinity .#, much of it aimed at formulating a notion of
holography for asymptotically flat space-times (cf. [7, 53, 66, 75] for recent reviews). In fact, the
notion of reconstructing ‘bulk’ space-times and their physics holographically at .# dates back
to the 1970s and the work of Newman and Penrose [46, 59, 60]. One of the main outputs of
this work was the non-linear graviton construction, where (complex) space-times with self-dual
curvature arise from deformations of the complex structure on twistor spaces. When these are
‘asymptotic’ twistor spaces, the non-linear graviton is intrinsically holographic, as the deformed
complex structure is constructed directly from the (complexified) characteristic data (i.e., the
self-dual asymptotic shear) of an asymptotically flat, radiative self-dual space-time at & [19].

This paper is a contribution to the Special Issue on Twistors from Geometry to Physics in honor of Roger
Penrose. The full collection is available at https://www.emis.de/journals/SIGMA /Penrose.html
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Much of the recent work on ‘celestial holography’ has focused on the interplay between
asymptotic symmetries and soft particles [73, 74]. For example, at leading order in the soft
momentum, soft gravitons are related to BMS supertranslations via a Ward identity [29]; there
are now many generalizations to subleading orders and other theories (cf. [75] and references
therein) which can also be understood in terms of an interplay between asymptotic symmetries
and twistor or ambitwistor data [2, 3, 25]. By expressing scattering amplitudes in terms of a
conformal primary basis on the celestial sphere [54, 55], it is clear that there is actually an
infinite tower of conformal soft graviton theorems arising when the soft external graviton has
scaling dimension A = 2,1,0,—1,... [6, 17, 26, 65]. For a positive helicity soft graviton, this
infinite tower of soft theorems can be organized into the algebra wi4~ (or more precisely, the
loop algebra of the wedge algebra of w;t~) [28, 30, 34, 76].

It has long been known that the algebra w; 4 classically describes canonical transformations
of a plane [10, 32]. Over the years, a number of authors have linked this to self-dual gravity
via the non-linear graviton construction [16, 39, 51, 52] of deformed twistor spaces for self-dual
space-times. The deformed twistor spaces are glued together by patching functions that can be
expressed as maps from a neighbourhood of the equator of the Riemann sphere to canonical
transformations of the 2-dimensional fibres of the twistor space over this sphere, as explained by
Penrose himself in his original paper [59]. Thus, the Lie algebra, Lwio, of the loop group of
canonical transformations acts on this space of patching functions for twistor space and hence on
the space of all self-dual Ricci-flat metrics. Although Lwiy, transformations act by diffeomor-
phisms and hence resemble gauge transformations, generically they are not global and have sin-
gularities. They define genuine deformations of the twistor space and are not, strictly speaking,
symmetries. Such constructions making use of singular gauge transformations on twistor space
to transform one solution to another are standard in twistor formulations of classical Backlund
transformations in the study of integrable systems (cf. [41, 42, 45, 80, 81]). These ideas were
developed into a twistor formulation of the Lw; 1~ symmetries via a recursion operator based on
such a Backlund transformation to generate the loop algebra from coordinate symmetries in [18].

In the non-linear graviton construction, the self-dual space-time is recovered as the four-
dimensional family of rational holomorphic curves in twistor space of degree one. Recently, we
introduced sigma models in twistor space for such holomorphic curves [5] whose on-shell action
is equal to the Kéhler scalar (or first Plebaniski scalar [63]) of the associated self-dual space-time.
These ‘twistor sigma models’ can be used to construct gravitational MHV scattering amplitudes
directly from general relativity, and at higher-degree build the full tree-level S-matrix of gravity
via a natural family of generating functionals. In this paper, we show how the loop algebra
of wi4o and the infinite tower of soft graviton theorems is realised in terms of these twistor
sigma models. We will also see that the action of Lwi4+ can be lifted to 4d-ambitwistor models
at .# allowing us to represent copies of Lwii for both the self-dual and anti-self-dual sectors
within the same model.

We begin in Section 2 with a brief review of wi40, its loop algebra and explain how it is
realized in terms of twistor space and self-dual gravity. Section 3 reviews the twistor sigma
model, and its relationship to self-dual gravity at null infinity through the projection from
asymptotic twistor space to .# [19]. We review how the model at degree-1 computes the MHV
sector of tree-level graviton scattering. In Section 4.1 we show how asymptotic symmetries are
expressed in terms of the twistor sigma model; using the operator product expansion (OPE) of
the model we show that these are controlled by the loop algebra Lwiie. Indeed, the twistor
sigma model shows how the holomorphic curves of the non-linear graviton construction provide
the most basic realization of this algebra.

Sections 4.2 and 4.3 explore the soft expansion of a positive helicity graviton in terms of
vertex operators in the twistor sigma model. We show that this expansion gives the generators
of Lwi 4o and produces the infinite tower of soft graviton symmetries identified in [28, 76]. Sec-
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tion 5 outlines a generalization of these symmetries to both self-dual and anti-self-dual sectors
of gravity by means of the 4d ambitwistor string [24] at .# [6, 25], pointing to avenues of future
work. We conclude with some remarks regarding choices of (2,2) vs. (1,3) signature, quantiza-
tion of the twistor sigma models, and their relation to the celestial holography programme.

2 Lw;i+o and self-dual gravity

The algebra w4 arises as the Lie algebra of the Poisson structure (or area) preserving dif-
feomorphisms of the plane [10, 11, 32], although it can also be viewed as the classical limit of
the W11~ algebra associated to two-dimensional conformal field theories with higher-spin con-
served currents [20, 21, 82] — see [64] for a review. In this section we recall the basic structure
of w140, its loop algebra Lwi4so, and their realization in twistor space through the non-linear
graviton construction.

2.1 Poisson diffeomorphisms and Lwi
Let p® = (uo, ui) be coordinates on the plane, with Poisson structure

2 Of O . . .
{f, g} = saﬁii, . (2.1)
Elements of the Lie algebra of Poisson diffeomorphisms can be decomposed into polynomial
Hamiltonians on the y®-plane of degree 2p — 2 € Z>:

B\ptm—1, {\p—m—1
wh = (1) (W) Iml<p -1,
so that p+=m — 1 € Z>o. The Poisson bracket acting on these elements gives

{wh, wl} =2(m(q—1) —n(p — 1)L,

m—+n

This defines the commutation relations of the basis elements wh, of w1 .. Here, the ‘1’ in 1+ 0o
refers to the central element of degree 2p — 2 = 0.

The loop algebra Lwi4eo of witeo can be represented by introducing a complex coordinate
A € C, where the loop is parametrized by |[A\| = 1. Alternatively, A can be viewed as an affine
coordinate on the Riemann sphere S? = CP: if A\, = (Mo, \1) are homogeneous coordinates
on CP!, then on the patch where \g # 0 we can identify A = \;/)\o. With this, the generators
of Lwi4~ can be written as

wh, wh,

Y — =
gm,r T A(Q)p_4_7«)\71, - G ) (22)

where in the second equality we have chosen a scaling for the homogeneous coordinates in which
Ao = 1. The Poisson bracket (2.1) gives

—2
{ggz,r?g’(rlz,s} = 2(m(q - 1) - n(p - 1))95@an,7‘+37 (23)

which define the Lie bracket of the loop algebra Lwiis. Later we will also introduce the
parameter z on the equator of CP! so that the g arise as the coefficients of the formal
Laurent series appropriate to a contour around A = z in

p
g _
(e = 2 =3 g (2.4
rel

defining a field insertion at the point A = 2.1

!This uses the language of 2d quantum fields, but this paper — excepting Section 5 — mostly concerns the
semi-classical limit.
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Figure 1. The deformed twistor space P.7 in terms of a patching fibred over CP!.

2.2 Realization on twistor space

The twistor space PT of complexified Minkowski space (i.e., C* equipped with the holomorphic
Minkowski metric) is an open subset of CP3. If Z4 = (u‘j‘, )\a) are four homogeneous coordinates
on CP3, then twistor space is the open subset PT = {Z € CP3 |\, # O}. The relationship
between PT and complexified Minkowski space is non-local: a point 2% in the complexified
space-time corresponds to a holomorphic, linearly embedded Riemann sphere in PT defined by
Md — l‘adAa.

Twistor space admits a natural fibration over CP*

p: PT — CP!, p(Z) = Aa, (2.5)

with )\, serving as homogeneous coordinates on the Riemann sphere (this is possible precisely
because A, # 0 on PT). The fibres of p are 2-planes C? with complex coordinates u. Twistor
space also admits the holomorphic Poisson structure (2.1), where the Poisson bracket is trivially
extended to act on functions that depend on A\, as well as u®. It provides a non-degenerate
symplectic structure on every fibre.

One of the central results of twistor theory is the non-linear graviton theorem:

Theorem 2.1 (Penrose [59]). There is a 1: 1 correspondence between self-dual Ricci-flat holo-
morphic metrics on regions in C*, and complex deformations P.7 of twistor space PT that
preserve the fibration p: P.7 — CP' and the Poisson structure (2.1) on the fibres of p defined
on the neighbourhood of a line in P.7 with normal bundle O(1) & O(1).

Here, the holomorphic metrics on regions in C* can be thought of as arising from complexifica-
tion of an analytic split-signature or Riemannian self-dual 4-manifold, or as Newman’s H-spaces
defined by complexified self-dual characteristic data at null infinity [35, 46].

In Penrose’s original paper (see [59, Section 6]), the complex deformations of twistor space
were described by deforming the patching functions of PT (thought of as a complex manifold)
between the two coordinate patches

U={M#0}, U={\#0},

with coordinates Z = (ud, )\a) and Z = ([P‘, Aa), respectively. Since the deformations preserve
the projection to the Riemann sphere, the coordinates A\, on the two patches are identified on
the overlap; see Figure 1. In order to preserve the Poisson structure (2.1), a generating function
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G ()\a, MO, [Li) of homogeneity degree two is used to define the patching of the p-coordinates
(implicitly) by

. 8G  5  0G
pl=— =
oud opnt

It is easy to see that this preserves the Poisson structure on any fibre of P.7 — CP!, since G
generates canonical transformations on the fibres.

Infinitesimally, deformations of such a twistor space are determined by Hamiltonians g(Z) =
8G of homogeneity degree two. Such a ¢ should therefore be defined on the intersection UNU of
the coordinate patches, meaning that its expansion is polynomial in z® but Laurent in A = Ay /Ao.
These requirements mean that g(Z) is expanded in the generators of the loop algebra Lwio
given by (2.2). In other words, gh, , form a basis of positive helicity (since deformations of the
twistor space correspond to self-dual curvature in space-time) graviton states in linear theory,
with the commutation relations (2.3) thought of as the Lie algebra of the loop group of area
preserving diffeomorphisms.?

In linear theory, the wavefunctions corresponding to g, , can be represented on space-time
using standard integral formulae evaluated on twistor lines (cf. [58, 62]):

~ d\ 84gﬁm
Ve ...cu(T) = 7{ S
271 au 1... 8/,6 4

)
udc —gad >\o¢

dA 829?,M
haapp(®) = tatg P o "2

: 2.

,LLé‘ —gpod >\a

for the linearized self-dual Weyl spinor and metric perturbation respectively. Here, these formu-
lae are written in the affine patch where Ay = 1. The contour integrals are taken around poles
in the A-plane and the constant spinor ¢, = (0,1) is chosen so that (¢tA) = A\g = 1 on this affine
patch. This choice of 1, amounts to a gauge fixing for the linear metric and drops out of the
curvature. Clearly, these formulae give rise to polynomials in the space-time coordinates % of

degree 2p — 6 for the Weyl spinor or 2p — 4 for the metric. For example, with gé’g , we find

5 o . .
p=3, m=—: haaﬂé(x) = Lalp0a0y (a:ooénl + xw(sng)

with 64 = (1,0), etc. This is a mode of the sub-sub-leading soft graviton.
The solutions (2.6) directly yield modes of the conformally soft graviton wavefunctions of [54];
up to a constant multiple, these can be defined as the right hand side of

d\ 9%gh,, F(p—m)L'(p+m) [ dzdz opd
A T Gmr - saiaq 2P, (27
LW% 2 Ol (271)2T(2p — 3) 74 orarm tatsFayla- )T, (2)

Md:xad Ao

where z, = (1,2), 2o = (1, 2), Gaa = ZaZa, and the contour on the right is a product of circles
around z = 0, and Z = 0; h.ere Poaps(T) = tatpZaZs(q -.x)2p*4/1“(2p — 3) is a generating series
for these soft modes that will be defined more systematically later.

3 Twistor sigma model and MHV amplitudes

The non-linear graviton construction realizes the self-dual 4-manifold as the moduli space of
degree one (rational) holomorphic curves in the deformed twistor space. In [5] we introduced

2Here we do not address convergence issues; to make sense of such, one would need to consider a semi-group,
etc.
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a sigma model for these holomorphic curves adapted to a Dolbeault description of the nonlinear
graviton in which the complex structure is deformed by means of a global deformation of the
d-bar operator, 0 — V = 0 + ---, rather than the shift in the patching functions introduced
in the previous section. In this language, our sigma model governs maps from the Riemann
sphere to twistor space whose equation of motion determines the holomorphic twistor curves
with respect to V.

As shown in [19], such a Dolbeault description of the nonlinear graviton construction arises
from an asymptotic twistor space defined by characteristic data at .#. For curves of degree one,
the solutions to the twistor sigma model yield the self-dual space-time; in this representation, the
nonlinear graviton construction becomes a reformulation of Newman’s H-space construction [46].
This connection with .# is what allows us to make contact with celestial holography. The MHV
sector of tree-level graviton scattering arises at degree one, whereas for higher NMHV degree
the boundary conditions of the model can be adapted to give rational curves of higher degree.

3.1 Holomorphic curves and twistor sigma model

While Penrose initially described complex deformations of twistor space in terms of patching
functions, one can equivalently work with deformations of the almost complex structure that
are integrable and preserve the fibration (2.5) as well as the Poisson structure (2.1). Such
deformations are locally given by perturbing the Dolbeault operator,

ap Oh 0

V=0+¢ ——— =0+1{h, }, 3.1
O o {h, } (3.1)

where & = dZA9/0Z4 corresponds to the trivial complex structure on PT for which (1%, Ay)
are holomorphic, and h € Q%(PT,0(2)) with (0, 1)-form components pointing along the CP*
base of the fibration. In other words,

h=hD), D)= [\ = A%\, (3.2)

with h a function on PT homogeneous of degree two in the holomorphic coordinates and —2 in
the anti-holomorphic coordinates. It is straightforward to see that any almost complex struc-
ture of the form (3.1) preserves the holomorphic fibration P.7 — CP! and Poisson structure.
Integrability V2 = 0 is also immediate since DA A DA = 0. The linear perturbations associated
to such deformations are obtained from the Penrose transforms,

) 0*h
1.6 = | DA o e 7 |
qp ... 4(1‘) /IP>1 AN aual .. -6/1‘14 e =gad ), (3 3)
taty  0*h
Poaps(®) 2/ D = ’ .
84 pt (tA)? ucous P =g,

where DA = A%d\,. But we can also construct the fully non-linear self-dual vacuum metric
associated to h by employing the fact that such a metric is necessarily hyperkahler.

A point in a self-dual vacuum space-time corresponds to a rational curve in P.7 which is
holomorphic with respect to the complex structure (3.1). Such a holomorphic curve can be
described by viewing u® as a degree —1 map from CP! to twistor space, with boundary conditions
at the north and south poles of the Riemann sphere fixing all moduli of the curve. Letting
0a = (00,01) be homogeneous coordinates on CP!, a degree one curve in twistor space is
parametrized by

Nal0) = (1 1) I i S A Sy V2T (3.5)

0o oy 01
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Here, the moduli of the curve have been fixed by specifying the pole structure in the first
two terms of p® with %% = (2% %) providing coordinates on the self-dual space-time. The
object M is smooth and homogeneous of weight —1 in oa; it is uniquely determined by the
requirement that the curve is holomorphic with respect to (3.1), i.e., that

= oh
OeM* = —(x,0). 3.6
M = 2 (2,0 (3.
In other words, given the data h on P and the parametrization (3.5), the self-dual space-time
is reconstructed by solving (3.6) for the holomorphic curves in twistor space.
In [5], we showed that (3.6) arise as the Euler-Lagrange equations of a twistor sigma model

| = 1
 4rih

S[M /C Do ((MB,M] + 2h(a.0)) (3.7)

where Do := ogdo1 — o1doy, [M(%M] = adBMéégMd, and h is a formal parameter. Remark-
ably, this sigma model is directly related to the underlying self-dual geometry. Evaluating its
on-shell action, it follows that (up to a constant) [5]

2P — hS[M]

Qz) =¢€45

3.8
on-shell’ ( )
is the Kéahler potential — or first Plebanski form [63] — for the self-dual metric. In particular,
the metric is defined by the tetrad

0%Q

ad _ (3.6 O& . 358 = A
e (d:): ,Q de ), Qaﬁ Py

with self-duality corresponding to the ‘first heavenly equation’ det(£2 aB) =2.

3.2 .7 and asymptotic twistor space

The non-linear graviton construction is directly related to the arena of celestial holography when
the deformed twistor space is defined by the self-dual characteristic data at .#.3 From a twistor
space P77, there is a natural projection

PT = Jo, (5% 2a) = (. has Aa) = (1725 Mo M), (3.9)

where .7¢ = C x S? is a partial complexification of the conformal boundary obtained by letting u
become complex, but we do not complexify the S2-factor. In particular, this identifies the CP*
base of the fibration (2.5) with the celestial sphere [19].

Consider an asymptotically flat space-time with a Bondi-Sachs expansion that has been
conformally rescaled by the conformal factor R? with R = r~! and r a standard radial coordinate
to become

4ADADA

ds® = —2dudR — ——-=
[IA]]4

+ R(0” (u, A, \)DX? + 6% (u, A\, \)DA?) + O(R?).

Here [|A||?2 = |Xo|? + [M1]? yields a conformal factor for the round sphere in homogeneous co-
ordinates \,, and .# T corresponds to R — 0. The complex (spin- and conformal-weighted)
function ¢ encodes the asymptotic shear of the constant-u hypersurfaces at .#; this is the free
characteristic data of the gravitational field (also often denoted by C,.). In a precise sense,

3By .#, we mean one of the future or past null conformal boundaries .% + implicitly we will always choose the
future boundary T although it is trivial to work with .#~ instead.



8 T. Adamo, L. Mason and A. Sharma

oY controls the anti-self-dual radiative degrees of freedom of the metric, with 6% controlling the

self-dual radiative degrees of freedom [15, 47, 67, 68, 69]. The spin- and conformal-weights of o
dictate that it has the scaling property

o (|b|*u, bA, bA) = b%a'o(u, ANA), e ([bPu, bA,DA) = 5%50@, A A), (3.10)

for any non-vanishing complex number b.
We define the complex structure as in (3.1)-(3.2) on asymptotic twistor space by taking
h = h(u, A, )\)D)\ with u given by the projection (3.9) and

The scaling property (3.10) ensures that A — and hence h — has the correct homogeneity on
twistor space. Thus, the complex structure (3.1) on P.7 becomes

V=0+1{h )= 8+AdDA&O(u,A,A)£.

Thus the deformed twistor space P.7 is determined by the characteristic data. Such a twistor
space is referred to as an asymptotic twistor space; these twistor spaces can be characterised
as those associated to Newman’s H-spaces [35, 46], which are self-dual radiative space-times
determined by complexified data with o = 0 but &° non-zero and independent of o on ¢,
given by the 6 of the original Lorentzian space-time.

3.3 From the sigma model to the MHV amplitude

There is a direct connection between the twistor sigma model (3.7) for asymptotic twistor
spaces and the MHV helicity sector of tree-level graviton scattering. A tree-level gravitational
MHYV amplitude involves two negative helicity external gravitons and arbitrarily many positive
helicity gravitons. When the total number of gravitons is n (i.e., 2 negative helicity and n — 2
positive helicity gravitons) there is a compact, elegant formula for this amplitude in a momentum
eigenstate basis due to Hodges [31]:

Mo =0d* (Zn: k:l> (12)8det/ (H), (3.11)
=1

where overall factors of the gravitational coupling have been suppressed. In this expression, the
ki = kK are null momenta, gravitons 1 and 2 have been assigned negative helicity, H is
a (n —2) x (n — 2) matrix with entries

[i4] (15)(27)

Hy= %, i#j, Hi= —§<u> (1) (23)

and the reduced determinant is defined by

det’ (H) := &
- (12)2(16)*(20)*

It is easy to see that the choice of minor — corresponding to a choice of one positive helicity
external graviton — defining det’(IH) is arbitrary, so this formula nicely manifests the permutation
symmetry of all positive helicity gravitons in the MHV scattering process.
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Since the number of positive helicity gravitons in an MHV amplitude is arbitrary, it is natural
to view them as being generated by the perturbative expansion of the two-point function of
negative helicity gravitons on a non-linear self-dual background. Since the self-dual background
in such a generating functional should be purely radiative (so that its perturbative limit produces
positive helicity gravitons), its associated twistor space is an asymptotic twistor space.

This generating functional picture was first made precise in [43] and later refined in [5], with
the result that the generating functional for MHV amplitudes can be written as

_(12)4 / Ppd2z T HE0 () 7) = (124 / Ped2zetIHEI g (3.12)
M M on-shell
where M is the self-dual background, 2 is its Kéhler potential or first Plebanski form and the
equality follows thanks to (3.8). Here, one implicitly adopts a 2-spinor basis in (3.5) adapted to
the momenta of the two negative helicity gravitons. This amounts to using z% = %%k, and
7Y = 24, as coordinates on M. We also set i = 1 for convenience; it will be reinstated when
needed.
To view the self-dual background as a superposition of positive helicity gravitons, the complex
structure of the asymptotic twistor space is taken to be

n

h(Z) =) ehi(Z; ki),

i=3
where each h; is a momentum eigenstate representative on twistor space:

hi(Z; k) = / * %S%M — 5ihg )il (3.13)

i

Inserting this into the integral formulae (3.3)—(3.4), one recovers the expected positive helicity
momentum eigenstate on (complexified) Minkowski space:

Labﬂ/%ia/%w- . - ST
h‘iao’zﬁﬁ"(x = 7@)2 e, %a,@y&(m) = Fiz‘amﬁf@mmael L

Perturbatively expanding the generating functional (3.12) then boils down to extracting the
multi-linear piece of a tree-level correlation function involving insertions of these momentum
eigenstates.

In particular, the on-shell action is evaluated using the tree-level, connected correlation func-
tions of ‘vertex operators’

i) o
i=3 "

in the two-dimensional CFT of the twistor sigma model with trivial complex structure. This
means that the correlator is evaluated using the free OPE

on-shell

n tree
=([Iv : VZ-::/ Do; Ahy(Z(03); ki), (3.14)
=0 CP!

=3 0

b

M4 (o) MP (0;) ~ (3.15)

7
0'7;—0']'

in the affine patch of CP! where 0, = (1,0). Here, the vertex operators are simply linear
deformations of the sigma model action and the tree-level contribution is extracted from the
generating functional for the connected correlator by taking A — 0 as usual.
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This computation is fairly straightforward as it involves keeping only single contractions in
the OPE of any two vertex operators (see [5] for details). It gives

tree ,
f[ ‘/Z — ‘HH : s eik‘i-x7
Pt (14)2(21)2 i

0

where the determinant arises as a result of the weighted matrix-tree theorem (which also ensures
that the result is independent of the choice of i singled out on the LHS) and all CP! integrals
can be performed against the delta functions appearing in (3.13). Feeding this into (3.12)
and using d?zd%% = (12)2d*z immediately gives the Hodges formula (3.11), providing a first-
principles derivation of tree-level MHV graviton scattering, which explains the appearance of
‘tree-summing’ formulae [14, 48] and the matrix-tree theorem [4, 22] in earlier literature.

By adapting the boundary conditions for the u%(c) map, it is possible to formulate a higher-
degree version of the twistor sigma model (i.e., by imposing boundary conditions at d+ 1 points
on CP'). These higher degree models are related to other helicity sectors of the tree-level gravi-
ton S-matrix, with degree d corresponding to N“"'MHV amplitudes, although the generating
functionals for d > 1 cannot be derived directly from general relativity and require additional
ingredients (albeit quite minimally) beyond the on-shell action of the twistor sigma model [5].

4 From twistorial to celestial Lwj

With the self-dual sector of gravity on space-time captured by the twistor sigma model (3.7), it
is now straightforward to describe infinitesimal deformations and hence the symmetry algebra
associated to the self-dual sector. Using the semi-classical OPE on the Riemann sphere defined
by the sigma model, we first show how this produces the expected Lwii~ algebra. We go on
to explain the relationship between graviton vertex operators and Lwis symmetry generators
as a realization of a Cech-Dolbeault isomorphism within the model. We then give the soft
expansion of these vertex operators/symmetry generators so as to yield the basis we introduced
in Section 2. Furthermore, using the relationship between the twistor sigma model and tree-level
MHYV scattering, we prove that this explicitly generates the action of celestial Lwiyo, on positive
helicity hard gravitons of [28, 76].

4.1 Lwite charges and algebra

The form of the complex structure (3.1)—(3.2) on twistor space admits coordinate symmetries
generated by Hamiltonians with respect to the Poisson structure (2.1). Such Hamiltonians
g(u’j‘, A, 5\) must have homogeneity degree 2 in Z4 and be holomorphic* in % but not necessarily
in A\y. The symmetry action is given by

. . .0 _
opt = {g,pn*} zeﬁo‘—g., dh = 9g + {h, g}, (4.1)

oub
which leads to a symmetry of the twistor sigma model action (3.7) when éh = 0, i.e., when g

satisfies 0h = Og + {h, g} = 0 so that g is holomorphic with respect to the deformed complex
structure V. For such g, Noether’s theorem leads to the conserved charge

Qg = f gDo, (4.2)

in the theory on CP! defined by the sigma model.

In fact, the requirement of holomorphicity in x* can be dropped if more general h are allowed (e.g., [44]).
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The OPE (3.15) extends from the ‘non-zero-mode’ M to the full twistor coordinate u% in
the obvious way (since the two differ only by zero modes):

b

CITLCARS (4.3)

o—a’
on the usual affine patch where o, = (1,0). This in turn induces a semi-classical OPE for the
Hamiltonian functions g given by the Poisson bracket

9(20)d (2(5) ~ ——{9.4'}(&") (14)

with higher order singularities being neglected at tree-level in the sigma model. Thus, the OPE
encodes the loop algebra of the Poisson diffeomorphisms of the u%plane with loop variable \.
The charges @), given by (4.2) generate canonical transformations of the pu-plane with canonical
commutation relations

[Qg> Qg/] = Q{g,g’}7

also arising from the semi-classical OPE.

Poisson diffeomorphisms generated by Hamiltonians satisfying 6h = dg + {h,g} = 0 do
not deform the space-time Kéhler scalar (3.8) as they leave the on-shell action of the twistor
sigma model invariant. As a result, the functions g must generically have singularities in A to
encode non-trivial symmetry transformations of the self-dual sector. Consider a BMS super-
translation corresponding to du = f(\,\) where f has homogeneity +1 in the homogeneous
coordinates An, Ay of the celestial sphere. Using the projection (3.9) from asymptotic twistor
space to ¢, this corresponds to a transformation

. 8f
sut = 2L
2 g’

which is in turn generated by the Hamiltonian

gsT = [Mgi—f\] ) (4.5)

under (4.1). When f()\, 5\) = a®* )\, )\, these are just the usual translations. Similarly, self-
dual/dotted Lorentz super-rotations (of the extended BMS algebra [12]) are generated by

gsr = Ly (A Mpp” (4.6)

where IN/d 5is homogeneous of degree zero in Ay, Ag. When [N’a 3 depends only on A4, this reduces
to a standard Lorentz rotation.

In general, the transformations (4.5), (4.6) are not symmetries of the sigma model action,
since 0h # 0. Indeed, for the charge (4.2) to be conserved, one requires g to be holomorphic
on twistor space; on a flat background (i.e., h = 0) this requires g to be globally-defined and
one simply obtains the Poincaré algebra. A generic supertranslation (4.5) or superrotation (4.6)
will have poles in A, so to go beyond the Poincaré group — or on any curved background — one
must consider Hamiltonians g which have singularities in a local holomorphic coordinate system.
Such singularities indicate that these functions change the gravitational data: they are no longer
simply symmetries.

Thus, generic charges (4.2) generate canonical transformations of the u®-plane that depend
on A. Given the overall homogeneity constraint on g — namely, that it is homogeneous of
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degree 2 on twistor space — each Hamiltonian function can be decomposed into modes gh, , of
the form (2.2). The OPE (4.4) then dictates that these modes have Poisson brackets

+q—2
{ggm,rvggz,s} = Q(m(q - 1) - n(p - 1))gfn—£n,r+sv

which are precisely the commutation relations of Lw4s given previously in (2.3). These can
be expressed in terms of the semiclassical OPE of the operators (2.4) as

(o). 1(2)) =2 MU=V m0 = a2y iz (o),

Thus, the structure of the twistor sigma model naturally encodes Lwiyo in terms of its in-
finitesimal deformations.

4.2 Vertex operators and currents and soft limits

The relationship between vertex operators in the sigma model and Lw;~ currents relies on the
Cech-Dolbeault correspondence. While Penrose’s original formulation of the non-linear graviton
construction utilized patching functions for the deformed twistor space, the twistor sigma model
works directly with the deformed Dolbeault operator for the complex structure. In this Dol-
beault approach, h € H(PT, O(2)) is represented by the (0, 1)-form h € Q%1 (PT, O(2)) obeying
Oh = 0; for asymptotic twistor space with h = h(u, A\, \)DX these conditions are automatic.

To find the Cech representative corresponding to such an h, locally on an open subset U, of
twistor space, 9h = 0 can be solved by h = dg, for some smooth function g, of homogeneity 2.
The differences gqp := g4 — gp are therefore holomorphic functions on Uy := U, N Uy, defined up
to the addition of holomorphic functions that extend over the U,; such g, equivalence classes
provide Cech representatives of h (with the open-set indices a, b, ... usually suppressed).

Our key example is the momentum eigenstate (3.13). Here we now separate out the fre-
quency w explicitly so that we can also expand in w to give the Taylor series around w = 0
which then define the leading and subleading soft limits of graviton insertions. Thus, taking for
simplicity an outgoing graviton, we write

Lod — wzazd, za = (1, 2), Zo = (1, 2),

so that for example ko = wza, ke = VwZs are the standard spinor helicity variables. The
Dolbeault representative is given by simply re-writing (3.13) to account for the frequency:

h= ()PS0, 50 = o a(i)

"~ 27
where 1, = (0,1) is a constant spinor basis element. The corresponding Cech representative is

a3 1 o]
)
2mi (Az)e ’ (4.7)

g:

with the choice of 1, now reflecting the Cech cohomology gauge freedom. The relevant open
sets are given by covering the Riemann sphere with Uy containing (A) = 0 and U; containing
(Az) = 0; the overlap is a neighbourhood of the contour -,

{1}
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for some small € > 0. Inside of ~¢, the vertex operator for h obeys

Vh:/ h/\Da:?{ gDo = Qg, (4.8)
cp! 2

by Cauchy’s theorem.

In the soft limit as w — 0, the exponential factor in (4.7) can be expanded in powers of w to
obtain combinations of the Lw1 4 generators gh,(z) as coefficients of w?P~2 (taking for simplicity
the affine patch where (tA) = 1 and (\z) = XA — z). For 2p — 2 = 1,2, this gives the standard
correspondence between the leading and sub-leading soft graviton theorems and generators of
supertranslations and superrotations, respectively; for 2p — 2 > 3 we obtain an infinite tower of
soft graviton symmetries corresponding to higher-order generators of Lwi .

We can also make precise contact with the incarnation of Lwi first noted in the context of
celestial holography by [76]. Consider a positive helicty graviton boost eigenstate of conformal
weight A inserted at the point z, = (1,2), Z4 = (1,2) on the celestial sphere.® Its Dolbeault
twistor representative reads [6]

—ie)™A —2)<
o]

where ¢ = £1 denotes whether it is outgoing or incoming, and we have defined a holomorphic
delta function of weight A in A\,:

OA((Az)) := WAAHLE((A2)).

h =

Again, 1, = (0,1) so that (tA\) = Ao, (tz) = 1, etc. Inserting this in the Penrose integral
formula (3.4), one finds the expected wavefunction of a spin 2 positive helicity boost eigenstate:

Labgidzﬁ

" (q-z)27

c N —A
vags(®) = (—i0)7AT(A)
with ¢ua = 2aZa. This is gauge equivalent to a spin 2 conformal primary graviton [54] whose
modes we considered in (2.7).

Without loss of generality, we focus on outgoing particles for which ¢ = +1. Conformally soft
gravitons are obtained by taking residues at A =k =2,1,0,—1,...:

h® . = Resp_xh = ! (122 7%6,((\2)). (4.9)

(2—F)

Substituting [pz] = 10+ zpl in (4.9), it can be binomially expanded into a polynomial in Z to
get 3 — k holomorphic currents. In doing this, we use the index relabeling k£ = 4 — 2p. Hence,

e = B () S (4.10)
soft 4= p—m-—D(p+m—1)V '
m=1—p
where
,wp _( ())ermfl( ipfmfl -1 § ) §
m ,U, ,U, ) 9 p - 5 27 bl 27

Remarkably, the combinatorial rescaling by (p — m — 1)!(p + m — 1)! that was crucial for the
identification of w; 4~ in [76] emerges naturally here via twistor space. The modes in (4.10) give
Dolbeault twistor representatives

2745, g (A2))ub,

5This will become the celestial torus in split signature when Z is independent of z.
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for the various soft gravitons that are in correspondence with celestial Lwi4~o generators. Thus,
as explained in (4.8), in the twistor sigma model these correspond to charges

g—ﬁ M Mo 5—2p o
~ 2ni fi 2)do = o f; <>\(0)Z>< A9))”"*Do, (4.11)

with the contour integral taken around the pole at (Az) = A — z = 0 (the second equality is
a re-writing in homogeneous coordinates of the first). These are the wi oo currents generating
Poisson diffeomorphisms on the A = z fibre of twistor space.

4.3 Soft graviton symmetries

Finally, we show that the twistorial action of w4, on hard gravitons is equivalent to the celestial
action of w4 given in [28, 30, 34, 76]. More precisely, the OPE between positive helicity soft
and hard graviton vertex operators in the twistor sigma model maps to the celestial OPE between
the conformally soft gravitons and hard gravitons (as dictated by collinear limits or asymptotic
symmetries). We also show that the action of a w4+ generator on a negative helicity graviton
gives rise to the mixed helicity soft-hard celestial OPE, but leave the interpretation of this at
the level of the sigma model correlators to future work.

Action on positive helicity gravitons. Let ha,(0;) be the twistor representative of an
outgoing, positive helicity graviton with conformal dimension A; and celestial positions (z;, Z;):

ha, (o) = W (M=),

where zo, = (1, %), Zia = (1, Z;) as usual. We label this representative with A; and suppress z;, Z;
for brevity. Acting on it with the soft charge Q%, in (4.11), and using the sigma model OPE (4.3),
we find

27 [ (A\(0))572P Qwh, , | Oha, Do
P (Nha (0:) ~ —— ,
QM (o) ~ o T T ) S ) 2
5—2p p
— —i2 ( ( Z)> 8wm( )8hA (Ui);
(Moi)z)  Ops " Ope
where the contour integral has been evaluated by deforming® the contour from the (A(0)z) = 0
pole to the pole at 0 = ;. As usual, we have only kept a single contraction in the OPE as we
want to insert this in tree correlators at the end.
On the support of the holomorphic delta function 6, ({A(0;)z;)) appearing in hn,, the action
of the soft charge can be further simplified to

i%p wh, .
@ (:)a, () ~ — (M) G o) B )
_ 17 {win ha, o) (4.12)

z—2z; (tA(oy))2P4

Thus, the OPE between a soft graviton current and a conformal primary hard graviton is given
by the action of Lwi in its canonical (in the sense of the Poisson bracket) representation. As
expected, this fact is most directly visible on twistor space.

SAlthough there are potentially other poles that might be picked up by this deformation, these are either
subleading in the celestial OPE limit z — z; — 0 or do not contribute to tree-level correlators in the twistor sigma
model.
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We can now prove that the celestial action of a soft graviton symmetry on a positive helicity
hard graviton arises from the Poisson bracket in (4.12). Using [uZz;] = u" + Ziu!, it follows that

{wgﬂﬂ hAi}(Ui)
N

—(p—m = 1)) o) (1) ()]

=_ [(p +m—1)z (,uo)erm*Q(ai) (,ui)pfmfl(ai)

AT(A; — 1) -
M%i—%ﬂ(@\(%)zm. (4.13)

Next, we have the intertwining relations

I[Eia]) =0 [,E;—l] - SCT PRI

['(a—1)
(7] z

[nzi]o=t”

"

where 0; = 0/0%; and a # 1. Applying these iteratively to the right hand side of (4.13), one can
re-express the OPE (4.12) as

@)~ S o m- 1)z ( H (30 + 51 =) )
p+m—1 !
+ (p —m — 1)( H (2151 +A;—1- 1"))557112] hAi—2p+4(Ui)- (414)
r=1

Expanding the bracketed operators gives the celestial OPE

_ p+mp+m—1 - o o
Q2 (s (o) ~ S <p+ 1><2p 2 - OT(A - 1)

— 0 T(A;—1—0)

x 2T A g a(04), (4.15)

zZ — Z

previously found in the literature [30, 34]. Inserting these relations into the sigma model tree
correlators (3.14) straightforwardly produces the corresponding celestial OPE between a w140
current and a hard graviton. This gives rise to the tower of conformally soft theorems and
asymptotic symmetries found in [26, 28, 76]. For instance, one can easily verify the actions of
supertranslation, superrotation as well as the sub-sub-leading soft graviton symmetries.

Notice how the twistor description produces the celestial OPE in a factorized form (4.14)
which is highly non-trivial to see in a direct calculation of Mellin-transformed amplitudes in
the collinear limit. It is this factorized form that hides the representation theory of wi i~ and
makes contact with its symplectic origins.

Action on negative helicity gravitons. In the twistor sigma model, negative helicity
gravitons are not represented by vertex operators, but classically one can still define a twistor
representative for a negative helicity graviton. It is given by a (0,1)-form of weight —6 in
Z: he QOL(PT, O(—6)). It generates a graviton on space-time with purely negative helicity
curvature computed by the Penrose transform

Vags () = /Pl DAA AaAshyAs B

Md —gad Ao

We are free to associate to this an operator h(Z(c)) in our sigma model. For instance, with
the i*" outgoing negative helicity graviton boost eigenstate we associate the operator

- jAi
ha, (07) = W Ara((Mon)z)).
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The corresponding classical twistor representative can be checked to produce the space-time
curvature of a negative helicity boost eigenstate.
Repeating the derivation of (4.12) yields the sigma model OPE

iQp {wg% flAz } (Uz)

an(z)flAi(O—i) ~ Z— 2z <L)\(Ui)>2p*4 :

Computing the Poisson bracket then gives

- (~1)ptm i N
an(z)hAi(Uz’) ~ L (p+m— 1)Zi< H (Ziai—i-Ai-l-?)—T))aZP m
¢ r=1
p+m—1 _
+(p—-—m-— 1)( I] zoi+ai+3- 7“)>5‘fm2] ha,—2p+a(0i).
r=1

Expanding the derivative operators again produces the result in the literature [30, 34],

(—1yptm P <p +m— 1) (2p —2 - OT(A; + 3)

an(z)flAi (o) ~ / T(A;+3—1)

zZ — Z —0

x gy o a(03). (4.16)

Although we can no longer simply insert this in sigma model correlators to claim that this
computes the soft-hard collinear limit, it is nevertheless remarkable that the twistorial action
of w11~ on negative helicity gravitons still maps to the corresponding celestial action.

5 The lift to 4d ambitwistor string

The twistor sigma model (3.7) is intrinsically chiral; while it can be used to define generating
functionals for the full tree-level S-matrix of gravity beyond the MHYV helicity sector, this
requires additional ingredients which are inserted by hand [5]. A consequence of this chirality is
that we find only the copy of Lwi;~ associated with the self-dual/positive helicity soft sector;
of course, there should be another copy associated with the anti-self-dual/negative helicity soft
sector. Here, we observe that both copies of Lwj o are naturally found in the four-dimensional
ambitwistor string [24], a CFT on the Riemann sphere whose correlation functions generate the
tree-level S-matrix of gravity. We remark that the correlation functions in the 4d ambitwistor
strings are now fully quantum, unlike the computations in the twistor sigma model (3.7) which
are all semi-classical. Nevertheless, they faithfully represent only the semi-classical Lwiqo.

Although we do not display the computations here, an identical calculation for the gravita-
tional twistor string [71] yields a representation of Lw1 4 as described here in the 4d ambitwistor
string. However, it does not obviously have an anti-self-dual E{UHOO sector and so may be a bet-
ter vehicle for seeing the action of the self-dual Lwj 4 on the whole amplitude (i.e., all helicity
sectors). However, the action of E{Ul_;,_oo is no longer manifest and will not be realized locally.
This parity asymmetry is a familiar feature of twistor strings (cf. [79]).

5.1 Lifting to ambitwistor space

One can extend beyond the self-dual sector by lifting to ambitwistor space A defined by

A={(Z4Zy)eC* x (CYY"|Z2-Z=0}/{(2.2) ~ (b2,b'Z),b e C*}.
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This is the cotangent bundle of both projective twistor space and projective dual twistor space,
A = T*PT = T*PT* and so has a symplectic structure, with dual Poisson structure defined by

0 0

=do 0:=7-d7 — 7 -dZ = A,
w ; ) {7}A 8ZA 8ZA

This structure does not break left-right symmetry, and deformations of PT and PT* both deter-
mine deformations of A [38, 13].

In particular, any vector field VA49/0Z4 on PT has a Hamiltonian lift to A with Hamil-
tonian VAZ,4. This enables a lift of deformation Hamiltonians on PT and PT* to give the
ambitdextrous Hamiltonian [13]

9y 99

Hys =\ 2 + A

1 ~ 1 *
S g, geHPT.OR),  §e HIEPT,0R),

where here g, § are taken to be Cech representatives. The corresponding Hamiltonian vector
field on A determines deformations of the complex structure on A that have self-dual part H, ;
determined by g(Z), and anti-self-dual part H; determined by g(Z ).

It is easy to see that with these Hamiltonian lifts, the Poisson bracket on ambitwistor space
restricted to the self-dual sector reproduces the Poisson bracket (2.1) on twistor space

{H;’ H;;}A - H‘E;vg'}w'

This then gives a lift of the Lwi4o action to A. The H 5 similarly lift to give the anti-self-dual

E{uHoo—action on A. One can then consider the commutator of the self-dual and anti-self-dual
parts:

_ ~0g a9 0| Og 0\ 0Jg
s ha = e (30}, Do) o O ) a7, 2
In terms of deformation theory, the right hand side defines a class in H?(A,O(1,1)) that ob-
structs the exponentiation of the deformation generated by H, ;. However, this cohomology

group vanishes for elementary reasons [13], so the deformation determined by Hy; can indeed
be exponentiated.”

5.2 The 4d ambitwistor string

For our purposes, the four-dimensional ambitwistor string [23, 24, 25] for gravity has bosonic
target space fields® (Z A Z A) that are spinors on the worldsheet with an ambitwistor analogue
of worldsheet supersymmetry giving spinor-valued partners (pA, ﬁA) of opposite statistics and
worldsheet action

S:/iZ'éZ—iZ-5Z+,0'5,5+,5'5,0+SGhostsa
by

where ¥ 22 CP'. Here, all symmetries of the worldsheet theory (including those generated by
the ambitwistor current Z - Z and those generating worldsheet supersymmetry) are assumed to

"The formula for the obstruction (5.1) naturally extends to PT x PT* where it does not generically vanish.
It was shown in [13] that to leading order around A it gives on space-time the Eastwood-Dighton conformal
invariant defined in terms of SD and ASD Weyl spinors by wawv“qﬁ apss — Y & 1Z There it was interpreted as
an obstruction to extending the curved version of A into a curved analogue of PT x PT* in a gravitational version
of [33, 78]; this was later proved in the fully nonlinear regime [36].

8To realize space-time supersymmetry (Z A 4 A) are extended to include fermionic coordinates [24].
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have been gauge-fixed, leading to ghost fields with action Sghests and a corresponding BRST
operator @ (see [23, Section 5.3] for details).

The upshot of this BRST quantization is that a non-trivial correlator needs one vertex oper-
ator each of the form

Up = /2 sw)h,  U; = /2 5%()h.

Here the v and v are two-component, weightless, bosonic ghost fields whose zero-modes are
fixed by integration directly against these delta functions. Descent yields the remaining vertex
operators for a correlator as

Vh ::/ (7, ]h(2)+L-0*h(2), T 1=/<>‘aﬂ>fl(2)+l~"a§fl(2)’
) )

where L% = p(@5P) is a self-dual Lorentz current algebra and L* = p(@57) is an anti-self-dual
Lorentz current algebra, both constructed from the p-p fermion system. As before, we can use
a Cech representation of the cohomology groups H'(PT,0(2)) and H'(PT*, O(2)) to re-express
the vertex operators in terms of currents as

Vo= f \0u9(2) + L-0hg(2),  Vji= f (\)3(2) + L - 939(Z).
y ol

where v is a path in 3 that separates the singular regions of both g and g.
When the vertex operators are both self-dual a direct calculation shows that they simply
represent the Poisson bracket (2.1) on PT:

1
VQVQ' ~ o— o V{gy/}m +oee

Hence, by expanding ¢ in the modes (2.2) this gives Lwii; an identical statement on dual
twistor space gives Lwi4o for the anti-self-dual vertex operators. However, when one vertex
operator is self-dual and the other anti-self-dual, we have

~ 1
Vo Vg~

—— ({Pada(2). 00a(2)}, + ),

where the displayed term is the first of the semi-classical contribution as in (5.1) but now the
+ .- contain infinitely many singular contributions with arbitrarily many contractions. In
the computation of the full correlation function [23, 24], these contributions are summed for
momentum eigenstates by taking them into the Lagrangian in the path integral to produce the
polarized or refined scattering equations. Remarkably, it is possible to show that this OPE
encodes collinear splitting in a momentum eigenstate basis, or celestial OPEs in a conformal
primary basis, although the mixed helicity case is particularly subtle [1].

6 Discussion

We have seen that the Lwiio recently discovered in the soft OPE obtained from celestial am-
plitudes [76] has a local representation as Poisson diffeomorphisms of the fibres of asymptotic
twistor space and has its origin in Penrose’s nonlinear graviton construction [59]. The Lwi4oo
algebra associated with the positive helicity soft sector arises directly from a twistor sigma model
describing self-dual gravity [5], and this is explicitly identified with the soft OPE algebra on the
celestial sphere. This acts on both the self-dual and anti-self-dual parts of the complexified
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gravitational data via a local action on twistor space when both parts are expressed as coho-
mology classes on that space via (4.15) and (4.16). It is possible to obtain the helicity conjugate
copy LNleroo of Lwiyso via its natural local representation on the conjugate (or dual) twistor
space. One can see them both acting together by lifting to ambitwistor space, and to recover
the correct celestial OPE one must use the fully quantum worldsheet CFT of the ambitwistor
string [1]. There are many open questions and future directions related to the work in this
paper; we conclude by touching on a few of them.

Split versus Lorentzian signature. In this paper, we worked with the complexification
of Lwy 4 o realized as the holomorphic Poisson diffeomorphisms of C2. For polynomial generators
of Wiy there are no analytic continuation issues. Viewing this C? as the fibres of asymptotic
twistor space, this complexification of Lwi4 corresponds to a partial complexification of null
infinity .# — S = C x S?, by (3.9). Such a partial complexification is intrinsically associated
with an underlying Lorentzian-real space-time, since the space of null directions remains the
celestial sphere.

Conversely, the real version of Lwii is not appropriate for Lorentzian signature data.
In the real-valued case, Lwi o gives the Poisson diffeomorphisms of R? so the twistor com-
ponents pu® are themselves taken to be real-valued. Such a real-valued twistor space is ap-
propriate to split signature space-time, where the celestial sphere is replaced by a celestial
torus. The assumption of split signature is often used in celestial holography to disentangle
the self- and anti-self-dual sectors and expedite various integral transformations (cf. [8, 9, 27,
28, 70, 76]). In that context, the combinatorial factors and re-labelings appearing in the ex-
pansion (4.10) emerge from a light transform, while in this paper we saw that this was not
necessary.

The split-signature versions of the twistor constructions used here have realizations in terms
of holomorphic discs [37, 40], suggesting an ‘open string’ approach to the subject in split sig-
nature. Similarly, light transforms in celestial CFT are related to half-Fourier transforms to
real twistor space [70]. Thus, although we have here been able to retain physical Lorentz
signature, an explicit split signature version of the constructions in this paper might well be
interesting.

Yang—Mills and Einstein—Yang—Mills. Gauge theory also contains an infinite tower
of conformally soft gluons, associated to conformal weights A = 1,0,—1,... in a conformal
primary basis, and these have an associated infinite-dimensional current-like symmetry algebra
not unlike Lwi 4 [76]. Twistor theory also admits an elegant description of self-dual Yang—Mills
theory via the Ward correspondence [77], the gauge theory analogue of the non-linear graviton.
One can build a gauge theory version of the twistor sigma model which operationalizes the
Ward correspondence; following similar steps to those presented here will yield a twistorial
representation of the infinite-dimensional algebra associated with the positive helicity soft gluon
sector. This algebra can be seen as arising from the natural action of gauge transformations on
the twistor data for self-dual Yang—Mills on asymptotic twistor space. Similar statements are
possible for Einstein—Yang—Mills and the action of soft graviton symmetries on gluons. However,
the ambitwistor string provides a more direct root to studying soft gluons and celestial OPEs
in pure Yang-Mills (for which there is a consistent worldsheet model) and even for Einstein—
Yang—Mills, where a fully consistent worldsheet theory is not known [1].

Towards quantization. The twistor sigma model (3.7) gives rise to gravitational amplitudes
via its classical action and the corresponding tree expansion; by contrast twistor strings or
ambitwistor strings produce amplitudes as fully quantum correlations functions in the worldsheet
CFT. This distinction leaves room for one to ask what the twistor sigma model could correspond
to if treated quantum mechanically. In particular, there is scope for this to give rise to some
theory of self-dual quantum gravity, for instance as envisaged by [49, 50] for the N' = 2 string.
For instance, the ‘quantum’ (i.e., finite A) MHV graviton amplitude produced by the twistor
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sigma model can be computed [5]:

n

n 1 ih i 11’22.2

although its physical properties and interpretation remain to be explored. It would also be in-
triguing to make contact with the x-algebra definition of the quantum Wi -algebra as described
in [64] and the Moyal deformations of the Poisson structure associated to self-dual gravity pro-
posed by [72] which are closely connected also to Penrose’s Palatial twistor ideas [61]. It would
be interesting to track the twistor-theoretic component of the other appearances of W-infinity
algebras in the literature.
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