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ABSTRACT: In a 1 + 2D Carrollian conformal field theory, the Ward identities of the two
local fields Sy and S;, entirely built out of the Carrollian conformal stress-tensor, contain
respectively up to the leading and the subleading positive helicity soft graviton theorems in
the 1 4+ 3D asymptotically flat space-time. This work investigates how the subsubleading
soft graviton theorem can be encoded into the Ward identity of a Carrollian conformal field
S5, The operator product expansion (OPE) S5 S5 is constructed using general Carrollian
conformal symmetry principles and the OPE commutativity property, under the assumption
that any time-independent, non-Identity field that is mutually local with SSF ,S1, 85 has
positive Carrollian scaling dimension. It is found that, for this OPE to be consistent, another
local field S§ must automatically exist in the theory. The presence of an infinite tower
of local fields ;=5 is then revealed iteratively as a consistency condition for the Sy S
OPE. The genergl S:Sﬁ OPE is similarly obtained and the symmetry algebra manifest in
this OPE is found to be the Kac-Moody algebra of the wedge sub-algebra of wj+e. The
Carrollian time-coordinate plays the central role in this purely holographic construction. The
2D Celestial conformally soft graviton primary H¥(z,Z) is realized to be contained in the
Carrollian conformal primary S, (¢, z, z). Finally, the existence of the infinite tower of fields
S,j is shown to be directly related to an infinity of positive helicity soft graviton theorems.
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1 Introduction

The thriving research program to understand the holographic principle [1, 2] for the case
of the 1 4+ 3D asymptotically flat space-times (AFS) has been approached mainly via two
seemingly different avenues. The currently most well-developed one is known as the Celestial
holography [3] where the dual Celestial CFT [4] is thought to live on a Celestial sphere
S? at the null-boundary of the AFS. The Celestial conformal fields depend on the two
stereographic coordinates (z, z) on the Celestial S? and are labeled by a Celestial conformal
weight A, which is a continuous parameter [5]; thus, these fields effectively are functions
of three variables. In the other framework known as the Carrollian holography, gaining
attention in the recent years [6-11], the dual Carrollian CFT (CarrCFT) resides on the
three-dimensional null-infinity (with topology R x S?) where the Carrollian conformal fields
also depend on three variables: (z,z) as well as the null-coordinate or the Carrollian time t.

The central idea of the Celestial holography [4, 5] is that the null-momentum space
scattering amplitude of a mass-less scattering process in the 1 + 3D bulk AFS can be
re-expressed as a 2D FKuclidean CFT correlation function, via a Mellin transformation
that trades the energies {w} of the external bulk scattering particles for the (continuous)
Celestial conformal weights {A.}. Even before the explicit examples presented in [4, 5], that
the holographic dual of the (quantum) gravity-theory in the 1 4+ 3D AFS might be a 2D
Euclidean CFT was partly motivated by the realization that the Weinberg (leading) soft



graviton theorem [12] and the Cachazo-Strominger subleading soft graviton theorem [13]
can be respectively recast into the 2D CFT U(1) Kac-Moody [14] and the 2D CFT energy-
momentum (EM) tensor Ward identities [15]. These works were in turn inspired by linking up
the following four observations: that the asymptotic symmetry group at the null-infinity of the
1+ 3D AFS is the BMS, group [16, 17] in the presence of the gravitational radiation, that the
Weinberg soft graviton theorem [12] is completely equivalent to the BMSy super-translation
Ward identity [14, 18], that the Lorentz SL(2, C) subgroup of the original BMS, group should
be infinitely enhanced to include the 2D singular conformal transformations (super-rotations)
on the Celestial S? [19-21] and finally, that the Cachazo-Strominger subleading soft graviton
theorem [13] implies a Virasoro symmetry of the 1 4+ 3D AFS gravitational S-matrix [22].

On the other hand, the starting point of the Carrollian holography is the observation [23,
24] that the original BMSy group [16, 17| is isomorphic to the 1 4+ 2D conformal Carroll
group (at level 2) on a Carrollian manifold with topology R x S? (with S? equipped with
the round metric). Inspired by this isomorphism, it was shown in [9] how the EM tensor
Ward identities of a 1 + 2D source-less CarrCFT on a Carrollian background with topology
R x S? with assumed Weyl invariance can encode the 1+ 3D bulk AFS leading [12, 18] and
the subleading [13, 22] soft graviton theorems as well as the 2D Celestial CFT EM tensor [15]
and the (BMS4) super-translation Kac-Moody [14] Ward identities.

In addition to the leading [12] and subleading [13] soft graviton theorems, another soft
graviton theorem at the subsubleading order was found in [13] explicitly for tree-level Einstein
gravity in the 14 3D bulk AFS. But, unlike the soft theorems at the two more leading orders,
this subsubleading soft theorem is not universal [25, 26]. Equivalently in the Carrollian
picture, the fact that the special Carrollian conformal fields SO+ , 8§ and T, whose Ward
identities contain the two universal AFS soft graviton theorems can be constructed purely out
of the CarrCFT EM tensor [9], points towards an universality in the sense that every CarrCFT
is expected to have an EM tensor. Consistently, the non-universal AFS subsubleading soft
graviton theorems were not captured by those CarrCFT Ward identities.

In this work, we aim to understand how the 14 3D bulk AFS subsubleading soft graviton
theorem [13] can be encoded in the framework of the 14 2D CarrCFT. Obviously, to provide
a holographic description of a non-universal phenomenon in the bulk, the dual boundary
theory also must possess some non-universal features. For this purpose, taking cue from
the field contents of a 2D Euclidean CFT [27] or a 1 4+ 1D CarrCFT [28] enjoying infinite
additional symmetries, we postulate that, in a 1 + 2D CarrCFT that carries the imprint of
the positive-helicity subsubleading soft graviton theorem, there is a local quantum field S5
in addition to the three universal local generators SO+ ,Sf and T.

To avoid the potentially problematic hologram of the bulk ambiguity associated with the
double soft-limits of opposite helicities [29], we do not attempt to simultaneously describe
the negative-helicity subsubleading soft theorem in this work. By ignoring one helicity, we
are not inviting inconsistency per se — we are focusing only on the holomorphic-sector of the
1+ 2D CarrCF'T; so, our holographic analysis will correspond only to the positive-helicity
sectors of the bulk theories of gravitons. An exception is the MHV sector [30] of the tree-level
Einstein gravity, where the opposite helicity soft sectors decouple and our conclusions are
rendered applicable to both sectors (with trivial modifications).



Following the methods, elaborated in [9], to completely determine the singular parts of
the mutual operator product expansions (OPEs) of the generators Sj and S, we derive the
mutual OPEs of S5 and the two aforementioned generators. This algorithm only makes use
of the general Carrollian symmetry principles and the OPE commutativity property under the
assumption that there are no time-independent (in the OPE limit) local fields with negative
Carrollian scaling dimension in the CarrCFT. Similar symmetry arguments (together with
similar assumptions) fixed the singularities of the mutual OPEs of the symmetry generators
in the cases of 2D Euclidean CFT in [27, 31] and of 1 + 1D CarrCFT in [28, 32].

While trying to find the S5 S5~ OPE, we realize that for this OPE to be consistent, another
local Carrollian conformal field Sgr must automatically appear in the theory. Extending the
algorithm, we find in general that for the CarrCFT OPE S5 S,j>2 to be consistent, there
must already exist an infinite tower of local fields S,:rl(t, z,Z). The general CarrCFT OPE
S;FS;F (4.21) is the main result of this work.

From this general S;" (x)S;" (x,) OPE (4.21), we immediately recover the 2D Celestial
conformal OPE of two conformally soft [33, 34] primary gravitons H'=*(z,2)H'7!(2,, z,)
of [35], just by inspection. This conformally soft graviton OPE in [35] was directly obtained
by taking the conformally soft limit of the general OPE between two general 2D Celestial
conformal primary gravitons of arbitrary weights, derived in [36]. But the derivation of the
general graviton primary OPE in [36] was explicitly for the tree-level (linearized) Einstein
theory in the bulk AFS and required some hints from this specific bulk theory to fix the
singular structure of the said OPE. In another method, this OPE was obtained via a Mellin
transformation from the bulk graviton scattering amplitude in the collinear limit in [35, 36].

It is to be emphasized that we have not obtained the general Celestial conformal primary
graviton OPE of [36] since that is a theory-specific result. Rather, we have given a completely
holographic, Carrollian conformal symmetric derivation of the OPEs between the symmetry
generators [35] that is expected to contain the asymptotic symmetry algebra of any (quantum)
gravity theory in the 1 + 3D bulk AFS. Another important difference is that while the
above mentioned Celestial CFT OPEs in [35, 36] are valid only at tree-level Einstein theory
(but exact for quantum self-dual gravity [37]), the Carrollian conformal derivation of the
StS," OPE (under the aforementioned assumption) involves no (Carrollian) perturbation
theory analysis; its starting point is the CarrCFT Ward identities derived in [9] using a
Carrollian path-integral formalism [38].

Using the 1 4+ 2D CarrCFT OPE <— commutation-relation prescription developed
in [9], we find that the (local) symmetry algebra manifest in the CarrCFT OPE (4.21) is
the Kac-Moody algebra of the wedge subalgebra [39] of the w;o algebra [40], in perfect
agreement with the symmetry algebra derived in [41] from the Celestial conformally soft
primary graviton OPE of [35].

Finally, we shed light on the direct connection between the existence of the infinite tower
of Carrollian fields S and an infinity of the soft graviton theorems discussed in [42, 43] in
the context of the tree-level (linearized) Einstein theory. We find that the Ward identity
of the Carrollian field S5 does indeed encode up to the positive helicity subsubleading soft
graviton theorems [13]. While it is hinted that the Ward identities of the other fields S;" ,
contain the soft theorems in more subleading orders, it is also demonstrated that the fields



beyond S5 does not generate any new (independent) global symmetries of the theory. This
is the CarrCFT analogue of the fact that the Celestial conformally soft gravitons H*<~! do
not impose any new constraints on the 1 + 3D bulk AFS S-matrices [35].

The rest of the paper is organized as follows. In section 2, we review the main results
of [9] on the universal features of a 1 4+ 2D CarrCFT. We introduce the Carrollian conformal
field S; whose Ward identity (supposedly) encodes the 1 + 3D bulk AFS positive-helicity
subsubleading soft graviton theorem, in section 3. We state the assumptions on the field
content of the CarrCFT in section 3.1 and find that for the Si Sy OPE to be consistent, a
local field Sgr must already exist in the theory. Our purely symmetry-based algorithm to
find the OPEs reveal the automatic existence of the infinite tower of Carrollian fields S}~ ,
in section 4. We obtain the general S;Sf OPE in section 4.3, from which the quantu;n
symmetry algebra is determined in section 5. Finally, in section 6 we relate the infinite tower
of fields S,j>2 with an infinite number of soft graviton theorems before concluding in section 7.

2 Review

In [9], it was shown how the EM tensor Ward identities of an honest (i.e. source-less) Carrollian
CFT on a 1+ 2D flat Carrollian background (with topology R x S? and the assumption
of the Weyl invariance) can be recast into the forms resembling to the 1 4+ 3D bulk AFS
leading and subleading conformally soft [33, 34] graviton theorems [30, 44]. The 1 + 2D
Carrollian conformal fields SOi and Sli containing respectively the leading and the subleading
conformally soft graviton primaries of the 2D Celestial CFT, as well as the fields 7" and
T that contain respectively the holomorphic and the anti-holomorphic components of the
2D Celestial CET EM tensor [15] were constructed purely out of the Carrollian EM tensor
components T#,. Below we note the generic Ward identities! of the 1 4+ 2D CarrCFT EM
tensor, derived in [9] using the Carrollian path-integral formalism [38]:

Translation: 8,(T% (x)X) = —zi:l By, (X) 8(t — 1,)6%(F — T,) (2.1)
Boost: (% (x)X) = —223 (&), - (X) 6(t — 1,07 — 7,) (22)
Dilation: (T*,(x)X) = —z‘i A(X) 6(t — t,)0% (T — &) (2.3)
Rotation: (T2, (x)X) — (T%(x)X) = zpz: sp(X) 6t —t)2F—T) (2.4

where X is a string of Carrollian conformal primary multiplets; ({i)p is the Carrollian boost
(in the i-th direction) representation-matrix, s, is the spin (i.e. the eigenvalue of the spatial
rotation) and A, is the Carrollian conformal weight of the p-th primary field.

'All the correlators and OPEs considered in this work are implicitly covariant time-ordered (as defined in
section 6.1.4. of [47]). Covariant time-ordering commutes with space-time differentiation and integration.



2.1 The fields ST
Subtraction of the spatial divergence of (2.2) from (2.1),—; leads to:

AT, (¢, T) :—ZZ 5(t —1,) [02(7 = 3)0r, — (€ V) 2@ - 7)| (X)) (25)

Choosing the following 1n1t1al condition:
(T (t = —00,)X) =0 (2.6)

the solution to the above temporal partial differential equation is obtained as:
(T, (t, ©)X) = —zz 0t —t,) |0%(F — 3,)0, — (€ V) (T - 3)| (X)) (27)

The S? contact-term smgularltles in (2.7) can be converted into pole singularities (but
avoiding branch-cuts) if we note that:

(T, (t, %) Z (t—t,) 8 lj — Z O, + (j__ip)Qﬁp ~ fpzp] (X) (28
| — z—z z—z I3
z:: (t—tp) 0 l — Zatp o p)2£p > Ep] (X) (2.9

Inverting the 02 operator in (2.8) and the 82 operator in (2.9), the Carrollian fields S5
were respectively defined in [9] as:

. ) )
St(t, 2, 7) == / 2’ % Th(t,7) = &S} =P =T, (2.10)
52
. / _
Sy (t,z,2) := /dgr’ % Th(t,7) = 0*Sy = 0P =rT", (2.11)
S2

where the descendant fields P = S and P = 95, consist respectively of the modes gener-
ating the holomorphic and the anti-holomorphic super-translations. The scaling dimension
A and the spin m of the fields S are (A,m) = (1,42). So, the defining relations (2.10)
and (2.11) imply that Si are the 2D shadow-transformations (on S?) of each other [45] by
construction. Since, a field and its shadow (being a highly non-local integral transformation)
can not both be treated as local fields in a theory [46], only one among SgE is to be chosen as
a local field while relegating the other merely to its non-local shadow.

We treat Sj as the local field and Sy as its shadow in this work. This corresponds
to investigating the holomorphic sector of the 1 4+ 2D Carrollian CFT. The Sa' Ward
identity, for a string X of n mutually local Carrollian conformal primary multiplet fields

{®p(tp, 2p, Zp)}, reads [9]:

(STt 2, )X) = —i > 0(t 1) {j:j”atﬁ 5_2p)2§,,— & }(X) (2.12)
p=1 P

(z— 2 z—2zp

= (028 (t,2,2)X) = —i Z 0t —tp,) {contact terms on SQ}

and 9;(Sy (t,z,2)X) = [temporal contact terms]



where £, € = &, + i&, denote the matrix-representation of the classical Carrollian boost
under which a Carrollian multiplet ® transforms.?

The above correlator was derived from the (Carrollian) super-translation Ward identity
in [9]. The temporal step-function appearing in this Carrollian correlator captures the essence
of the 1+ 3D bulk AFS super-translation memory effect [49, 51]. Consistently, temporal-
Fourier transforming (2.12) to (positive) w-space and then making the Sg field energetically
soft [49], one recovers the Weinberg (leading) positive-helicity soft graviton theorem [12, 18]
as the residue of the leading % pole when all of the primaries in X have £ =€ =0 [9]. Thus,
explicitly at the ¢ — oo limit, the Ward identity (2.12) is same as the positive-helicity leading
conformally soft graviton theorem [44] when all &, = Ep = 0.

The S? stereographic coordinates z and z are now treated as independent variables [52]
so that terms like g:z %: with » > 0,s > 1 have (meromorphic) pole singularity (avoiding
phase ambiguity when r = s). Together with the form of the Ward identity (2.12), this
suggests that, inside the correlator, Sar can be decomposed as [30]:

St (t,z,2) = 2P_1(t, 2,2) — Po(t, 2, %) (2.13)

with <P_1(t,z,Z)X>:—izn: G(t—tp)< % , & )2>(X>
p=1

Z—=2p (z2—2p

- . n Epatp+£p 25
and (Py(t,z,2)X) = _sz:l H(t—tp)< 2 + (Z_pzz;)2> (X)

—  (OP;(t,2,2)X) = —i Z ot —tp) [Contact terms on 5’2}
p=1

These relations reminisce holomorphic Kac-Moody like Ward identities in a 2D Euclidean
CFT. Clearly, P; and Sar have the same holomorphic weight h = %

Let us next discuss on the Carrollian conformal OPEs. As explained in [9, 32], it is
convenient to convert the temporal step-function appearing in the correlators like (2.12) into
a je-prescription for this purpose, with j being a second complex unit. The starting point
is to hyper-complexify the (¢,z,z) coordinates as below:

Zi=z4gt ; Fi=Z44t ; ti=t

While z is a complex number on the & — y plane, Z can be thought of as a complex number
on a y = ax + b plane of the 3D ¢t — x — y space. t > 0 is the upper-half of this plane.

It can be shown that all of %, %’f, g—‘i vanish. So, , 2,z can be treated as independent
variables. Thus, in most cases, we choose the point of insertion of a Carrollian field to
be at (t,2,2) = (t,2,%). E.g. the je-form of the Ward identity (2.12) is (with Az, := 2 —

2 — Jelt — 1,)):

. _ . ~[Z-% 2% ép
i(Sq (t,2,2)X) = lim 2::1 {(Agp)atp + (A,%p)25p - (Az,) } (X)

2See [48] for a more general representation theory of the global Carrollian conformal algebra.



The main application of this je-prescription is to establish the relation between the CarrCFT
OPEs and the corresponding commutation relations while allowing for a straightforward
utilization of the OPE commutativity property.

It is important to remember that Algp reduces to ﬁ only when ¢ — ¢, > 0 and to 0

when ¢t — ¢, < 0 in the sense of distributions [32] encoding the property of the temporal

step-function. Thus, Aiép = when t — 00, and A~ = 0 when t — —o0, thus providing

z— zp
a justification to the initial condition (2.6).
The OPE? of S;” with a general (non-primary) Carrollian conformal field ® (that is

mutually local with Sg) is noted below [9]:

J K
Sy (t,2,2)®(x,) ~ lim {(z—zp) (Z (P, 1) + (iif)) - Z (Pm(@] (xp) (2.14)

0+ o (Az,)" WS (Mg
— 028 (t, 2,2)®(x,) ~ 0 (2.15)
and  0:S; (t,2,2)®(x,) ~ (2.16)

where ~ denotes ‘modulo terms holomorphic (regular) in AZ, * This OPE is a Laurent series
in the holomorphic variable z (or Z = z — jet) but is (anti-)holomorphic (i.e. a Taylor series)
in z. Specially, a Carrollian conformal primary multiplet field ® satisfies:

(Pn+1—1(1))—0—( nO(D) fornZO

while a Carrollian conformal quasi-primary (i.e. an only ISL(2, C) covariant) multiplet only
needs (Ppo®) = 0.

2.2 The fields Si

Next, we combine the CarrCFT EM tensor Ward identities (2.3), (2.4) and (2.7) into the
following form:

(T%.60X) + T4G0X) = 73 hp(X) 30— )5~ 7)

— t . . N . .
S e - w)a, - (6 9) P -5} (0
Thus, subtraction of 9,(7%,(x)X) from (2.1),—, results into:

O:(T%(x)X) 4+ (T ,(x)X) = —ZZ [ (t —tp) { (T — Tp)02, — hp0.0%(F — f,,)}

N waz{cS?(f—fp)atp _ (gp : v) 52(5—@)}] (X)

3The two Carrollian operators whose product is to be expanded are inserted at different spatial-positions
as well as at different times [32].



Choosing an initial condition similar to (2.6), one obtains the following solution to the above
temporal partial differential equation:

t n
(T, (x)X) + / dt' O(T7 (1. )X) = — i 3 0t — t,) [87(F — )0, — hydo0(F — 7,)
0o p=1

t—t,
2

+ 0. {3*(7 — %,)01, — (& V) 52(f—fp)}] (X)

(2.17)

Its ‘complex-conjugated’ version can be obviously derived in an exactly similar way.

To convert the S? contact terms in (2.17) (or, its complex-conjugate) into pole singularities,
we extract a 93 (or, 03) -derivative from the R.H.S.; inverting these derivatives, the Carrollian
conformal fields Sf[ that contain the sub-leading conformally soft gravitons [33, 34] were
defined in [9] as:

— I 2 I t _ 1
Syt 2,2) = / d?r' (2_;) T (t, %) + / dt'ozT*,(t', &) (2.18)
S2 L —00 .
_ . _
S+ =\ 2. (5_2/)2 t — / z (4 =
1 (t,Z7Z) = d T ﬁ Tg(t,fr)‘i‘ dtaz/Tg(t,fL') (219)
S2 L —00 .

The dimensions of the fields S& are (A,m) = (0,+2).
The Sf Ward identity with a string of mutually local Carrollian conformal primaries
was obtained as [9]:

n — —\2 _ _
et XY — o [C=mr, i a
Z<‘5’1 (t,Z,Z) > pz:le(t tp)[ Z—Zp ap hpz_zp

Z—Zp Z—2Zp ép
- - X
+H(t —tp) (Z_Zpathr (Z_Zp)ﬁp Z_Zp>]< )
(2.20)
— (PS5 (t,2,2)X) = —i Z o(t —tp) [contact terms on 5’2}
p=1
and  0y(S7(t,2,2)X) — (S§ (t, 2, 2)X) = [temporal contact terms] (2.21)

that for all §, = Ep = 0 resembles (in the limit ¢ — o) the positive-helicity subleading
conformally soft graviton theorem as presented (but very differently interpreted) in [30]. More
appropriately, the Ward identity (2.20) is the 1 + 2D Carrollian conformal manifestation of
the 2D Celestial subleading conformally soft graviton theorem.

This Ward identity was derived from the (Carrollian) super-rotation Ward identity in [9].
There, it was also shown that, upon temporal-Fourier transforming (2.20) and then taking the
w — 0T limit only for Sfr [50], one obtains a Laurent expansion around w = 0, the coefficient
of the leading ﬁ pole of which is the Weinberg positive-helicity soft-graviton theorem [12, 18]
while the subleading % pole’s coefficient is recognized to be the Cachazo-Strominger subleading
positive-helicity soft-graviton theorem [13, 22] when each of the primaries in X has € =& = 0



and (Carrollian) scaling dimension A = 1. Therefore, the temporal step-function in (2.20)
is the Carrollian manifestation of the super-rotation memory effect [50, 51].

The last condition on the scaling dimension of a Carrollian conformal primary whose
temporal-Fourier transformation can correspond to a 1+ 3D bulk AFS null momentum-space
field (see also [53, 54]) describing a mass-less external hard scattering particle, was discovered
in [7, 8] by analyzing the radiative fall-off conditions of the bulk mass-less fields. The higher
dimensional counterpart of this condition was obtained more recently in [11].

(2.21) and (2.14) motivate us to re-express the S field inside the correlator as below [9]:

St 2,2) = S{(t,2,2) + tS (t, 2, 2) (2.22)
= 0y(S{.(t,2,2)X) = [temporal contact terms]

and  (9*S|(t,2,2)X) = —i Z ot —tp) [contact terms on 52}
p=1

It should be noted that Sj is not a local Carrollian field but merely a collection of the
modes not appearing in the Sar field. These modes generate the following local infinitesimal
Carrollian diffeomorphisms:

t
z—)zlzz ; Z—)§/:5+52q+1f(2) 3 t—>t/:t+€§(q+1)2qf(z)

with f(2) being a meromorphic function and ¢ = 0,£1. It is the ‘Ward identity’ (Si(t —
00, 2z, 2) X ) that directly gives rise to the Cachazo-Strominger subleading energetically soft
graviton theorem [13, 22].

Since, z and Z are treated independently, the form of (2.20) allows us to decompose
St inside a correlator as [30, 55]:

Siu(t,2,2) = j{D (¢, 2, 2) — 220 (¢, 2, 2) + 2507 (t, 2, 2) (2.23)
n
— (0%t 2,2)X) = —i Z Ot —tp) {contact terms on 52}
p=1
Since, all three j¢ have holomorphic weight h = 1 like Sfr , their Ward identities are effectively

same as the holomorphic Kac-Moody Ward identities in a usual 2D CFT.
Finally, we note down the general OPE of the S; field in the je-form [9]:

) +)
(2 2)? (ZL: ) +i‘§)+§j(jn ?)

n>1 (AZP)H—H n>0 (AZPYH_I

{5 = (t=1,)S5 } (t,2,2)0(x,) ~ lim

e—0t

Yo (i) e
—2(2—%,) (%:1 ((Azp)”21 +Ap§p) (xp) (2.24)
= 338 (t,2,2)®(x,) ~0 (2.25)
and (9] =S¢ ) (t,2,2)®(x,) ~ 0 (2.26)

For a Carrollian conformal primary multiplet ®, we have:
(jq(f)‘P) = (J}(f])fb) = (j,(f_)@) =0 forn>1

whereas an SL(2,C) or Lorentz covariant quasi-primary must satisfy: (jé+)(1>) =0.



Obviously, the corresponding correlators and OPEs involving the Sy field (replacing S;")
are just the complex conjugations (z — Z, h— h€&— E) of the above mentioned equations.
But as shown in [9], following [46], the fields S;” and S} can not be simultaneously treated
as local fields i.e. they are not mutually local. The reason is that while (5256“ ) Sy ~0

respects (2.15), ST 525(4{ contains anti-meromorphic pole singularities, thus violating the
OPE commutativity property. This is a Carrollian manifestation of the ordering ambiguity
in the double soft limit involving two opposite helicity particles [29]. On the other hand,
the OPE of SJ with Sf does not suffer from this problem; hence, Sar and Sf can both be
simultaneously taken as local fields that we do.

As we shall see, the OPE conditions like (2.15), (2.16), (2.25) and (2.26) will play very
crucial roles in this work.

2.3 The fields T and T

All the S? contact terms in the Ward identity (2.17) (or, its conjugate version) can also be
converted into pole singularities by extracting from the R.H.S. a 9 (or, 0) -derivative. The
Carrollian fields 7 and T were then constructed in [9] by inverting these derivatives as:

T(lt,z,,?):/d2 e —|— /dt Tt %) = 20T = d3Sy (2.27)
S2
t —»/ _ _
T(t,z,72) /d2 ’L—i—w / AT~ (Y, %) = 20T =0°S; (2.28)
— Z

Since, the field T has dimensions (A, m) = (2,2) and T has (A, m) = (2, —2), the above
relations, together with the fact that Si have (A,m) = (0,42), imply that (S;",T) and
(S, T) automatically are two shadow pairs (on S?). Since, we have chosen S; as a local
field, T now has to be treated as its non-local shadow.

With mutually local primaries, the 7" Ward identity was derived from the super-rotation
Ward identity to be [9]:

(T (t, 2, %) X)

=2ttt oyt flp -5 { <zi)t2p>2 " (fﬁpﬁ ”E”8252(f_fp)}] )
(2.29)
with (0T (t,2,2)X) = —ii&(t—tp) {contact terms on SQ}
and 0(T'(t,2,2)X) — %(855@*(@ z,Z)X) = [temporal contact terms]
Inspired by the last relation, we decompose the T field inside the correlator as [9]:
T@zazﬂmﬁmaa+n@%a (2.30)

= 0¢(Te(t, 2,2)X) = [temporal contact terms]
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where T, is not a local Carrollian field but contains the modes generating the holomorphic
super-rotations. It is the object T.(t — o0,z,z) that corresponds to the 2D Celestial
stress-tensor [15]; by construction, it is the 2D shadow transformation of the negative-
helicity energetically soft graviton Sy (¢t — oo, 2, 2). The (T¢(t,z,2)X) ‘Ward identity’ is the
Carrollian conformal analogue of that of the 2D Celestial holomorphic stress-tensor [56, 57]
when all &, = £, = 0.

The generic OPE involving the T field is given in the je-form as [9]:

(o b=ty oo +> _ & (L,9) hy® 0.0
t (T 9 88SO (tazwz)q)(xp) El_lf(l]%r ngl (Agp)n—I—Q (Agp)Q Agp (Xp)
(2.31)
e OT(t,25)d(x,) ~ 0 and (atT—;aasJ) (1,2, 2)B(x)) ~ 0 (2.32)

For a Carrollian conformal primary, (L,®) = 0 for n > 1. An SL(2,C) quasi-primary on
the other hand needs to satisfy only (L;®) = 0.

In this work, we shall simultaneously treat the three Carrollian fields Sar , 87 and T as
SL(2,C) quasi-primary (non-descendant) local fields, as was shown to be allowed in [9].

3 The Carrollian conformal field S;L

The features reviewed in the previous section are the generic properties of any (Weyl invariant)
1 + 2D Carrollian CFT on flat (Carrollian) background. The Carrollian conformal Ward
identities that were shown [7-9] to contain the equivalent information as the bulk AFS
leading [12] and subleading [13] soft graviton theorems were obtained as a consequence of only
the Poincaré, the super-translation and the Weyl invariance in [9]. In view of the putative
AFS/CarrCFT duality [23], this is in perfect agreement with the conclusions of [26] that in a
generic theory of quantum gravity, only the leading and the subleading soft graviton theorems
are universal. Consistently in [66], only these two soft graviton theorems were reached via a
‘large AdS radius’ limit from the AdS,/CFTj3 correspondence. The non-universality of the
subsubleading soft graviton [13] theorem was discussed in [25, 26].

To probe the non-universal subsubleading soft graviton theorem that occurs, e.g. at the
tree-level (linearized) Einstein gravity [13], it then naturally appears that additional Carrollian
conformal fields beyond the usual Carrollian generators SSE, Sfc, T and T are required to be
present in the CarrCFT. This situation is similar in spirit to those considered in [27, 28]
where, besides the conformal EM tensor, extra symmetry generators were postulated to
exist in the 2D theory.

As we reviewed, the Carrollian fields Sli encode both the +ve helicity leading and
the subleading energetically soft graviton theorems while SOi account for only the leading
ones. The OPEs of the same spin fields among them are related by e.g. (2.26) while the SSE
OPEs satisfy e.g. (2.16). Moreover, it is the temporal step-function (and its time-integrals)
appearing in the Ward identities, from which the energetically-soft pole structures are arising.
Inspired by these observations, we assume that, in the theory, there exists a Carrollian
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conformal field Sy that, in the OPE limit, satisfies:
(2085 = SF) (1,2, 2)0(x,) ~ 0 (3.1)

Since S5 is postulated to be a Carrollian field, it must contain some new modes. In view
of (2.22), this suggests that inside a correlator, S;r can be decomposed as:

2
57 (2,2) = S5, 9) + 15T.(1,2,2) + 55 (1,2, 2) (3.2)
= 04(S5.(t,2,2)X) = [temporal contact terms]

where the S, part consists of the new modes. Thus, the dimensions of the field S5 are
(A,m) = (—1,2).

Clearly, an analogously introduced Carrollian field S, with spin m = —2 can not be
treated as a mutually local field with Sar , S{ and T, following the argument presented
in [9, 46]. While its shadow or light transformations (on S?) may be fine in this regard,
we leave this possibility for a future work. Thus, in this work, we refrain from introducing
the S, field or its integral transformations.

It is also evident that the shadow or the light transformations of the Sy field can not be
mutually local with S, Sf and T'. So, we would like S; itself to fit in as a local field in the
holomorphic sector of the 142D CarrCFT. It will be possible only if the S; ® OPEs have the
similar singularity structure as those of the above three generators, i.e. having meromorphic
pole singularities while being anti-analytic. We shall proceed by assuming this to be true.

3.1 The OPEs of S;_ with the generators

In [9], the singular parts of mutual (self and cross) OPEs between the three generators S{f ,
S; and T were completely determined by demanding the OPE commutativity property to
hold, after making appropriate ansatz respecting the general forms (2.14), (2.24) and (2.31)
and truncating those ansatz by assuming that:

1. no local field in the theory has negative scaling dimension A < 0, following the 2D
Euclidean [27, 31] and Carrollian [28, 32] CFT cases.

2. the fields S{f and Sf are Lorentz quasi-primaries, following the Celestial CFT case [52].

The first assumption is clearly not respected by the field S;r with A = —1. So, it needs to
be relaxed into a weaker one that is stated below:

e no time-independent local field in the theory has negative scaling dimension; moreover,
the time-independent local field with A = 0 = m is unique and it is the identity
operator.

(We will see that there are several time-dependent fields with A =0 = m.)

Fortunately, the modified assumption does not change any of the results obtained in [9]
for the mutual OPEs between Sg, Si and T. This statement can be verified by using
the restrictions (2.16) and (2.26), then repeating the steps to derive those mutual OPEs
as elaborated in [9] and finally, keeping in mind that the global space-time translation
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invariance must remain unbroken. Below we collect the mutual OPEs between Sj and
S in the je-form [9]:

iSaL(X)Sar(Xp) ~ 0 Z.S() (x )Sl (xp) ~ 51_1>%1+ (A_ép])) S(;F(Xp)

iST(%)Sg (xp) ~ 61_1>%1+ [(Z(Azp)) 3zp50 (Az?)o 50] (xp) (3.3)

i{SF— (1 = £,)57 } (087 (x,) ~ lim l(z_zp)sz C=%) 5 o 4 2% s5¢| (x,)
! P70 PP ot | (Ag)? (AZ)) (Azp)

where K is a constant not fixed by symmetry.

We now proceed to find the mutual OPEs involving the Sy field. The general form of
the S OPE (2.14), the modified first assumption, the relation (3.1) and the form of the
S’E)FSiF OPE together completely fix the singular part of the S+S; OPE to be:

i85 ()5 () ~ lim T i) (34)

N |

Using the OPE (bosonic) commutativity property, the S;' SS' OPE is readily obtained as:

, (2 — 2)372+ E=%) 2 v L 2= % ot
Z‘5(2 ( )SO (Xp) 61_1>%1+ (Azp) 8 S ( 3 ) 81’51 + (Agp) Sl
(2 — %

— %p)?
+(t—tp){ 35, IpSy + (Azp> S+H (xp)  (3.5)

where the OPE gets truncated by virtue of the restrictions (2.15), (2.16), (2.25) and (2.26).

Similarly, the general form of the S;” OPE (2.24) and the modified first assumption
together with the relation (3.1), the S Sy and the S§ Sy OPEs determine the singular
structure of the S Sy OPE as (S5 has h = —3):

: . (2—2)° (2—2%)? —Zp 2%
ST (x)S5 (xp) N61_1>I(I)1+ [ a5, Kt+ (Az,) ISy + (A %) 385 +(t—tp) (AZ,)

It is now evident that the (S; (x)S5 (x,)) correlator can not be time-translation invariant
unless K = 0; so, the final form of the above OPE reduces to:

Sf] (xp)

iS5 ()55 (xy) ~ lim, [(j%)) 0,5 + Tt 35 +(t—ty) Tt sf] (%) (36)

To find the Sy S]” OPE using the OPE commutativity property from (3.6), we first
need to know if the resultant Taylor series gets truncated into a polynomial in (Z — 2,).
Recalling (2.25), we observe that the OPE (3.4) satisfies:

SytNSF ~0 (NeN) = (9*NSy) ST ~0

Now, we consider an arbitrary operator product 3™ S (x)S; (x2)®(x3) (where the field
® is mutually local with both S; and S(T ) and apply the OPE associativity property?

“Following the 2D Euclidean CFT [31], we assume the associativity property as a consistency condition for
the Carrollian conformal OPEs in this work.
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in two different ways such that both the resulting series are convergent for the following
ordering of the flat Carrollian norms: |¥; — Za| < |T2 — 3| < |Z1 — #3|. Treating (z2 — 23)
and (z1 — z3) as the two independent variables, we easily reach the following restriction on
S5, analogous to (2.15) and (2.25):

'Sy (t, 2, 2)®(x,) ~ 0 (3.7)

implying that an Sf® OPE will be at most a cubic order polynomial in (z — z,). As a
consequence and remembering that we have also postulated that the S;’ ® OPEs have only
meromorphic pole singularities while being anti-analytic so that S5, Sfr , SJ are mutually local
and that z, z are treated independently, inside a correlator the S;re part can be decomposed as:

St 2,2) = =k (L, 2, 2) + 32KV (¢, 2, 2) — 322k (L, 2, 2) + 22KV (L, 2, 2)
(3.8)
such that (9k%(t,z,2)X) = —i Z ot —tp) [Contact terms on 52}
just like (2.13) and (2.23). The holomorphic weight of all four k% as well as the field S5
ish =35

With the restriction (3.7) in mind, we can immediately write the S5 S;" OPE from (3.6)
using the OPE commutativity property as below:

iS5 (x)S7 (%) ~ lim l(( )) % 25y (Z; j

e—0t

DO
2
U
w+
NI
i)
w
2l

+<t—tp>{(z§p) 0,5+ 2s+} <t—tp>2 5 st ) 39)

which is also seen to be consistent with the decompositions (3.2) and (3.8).
Finally, we proceed to find the S5 S5~ OPE with all the above information at our disposal.
3.2 The S5 S OPE

We first make the following ansatz directly in the je-form for the S5 S5 OPE that is consistent
with the decomposition (3.2) and the restriction (3.7):

. (z 7)2 )
iS5 (x) S5 (xp) ~ Jim, ZO; Ar5+(t—t ){M OpSy + (Azp) 352}
e o (3.0

where A, s(x,) are yet undetermined fields mutually local with S5, S;,S;7. Now, due
to the restriction (3.1), singular part of S5 (x)d;, S5 (xp) obtained from this ansatz must
completely match with that of the Sy (x)Si (x,) OPE given by (3.9). Only the O ((t —t,)°)
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terms, while comparing, give non-trivial constraints that are listed below (with *representing
time-derivative):

Aps>2~0, AO,l ~ 0
. 1_ \ _ .
Ay SOESE, Apy~30,8F, Avy~ 685 (3.11)

The first line says that all the local fields A, s> and Ap; are time-independent (in the
OPE limit). Moreover, since the L.h.s. of the OPE (3.10) has a total scaling dimension
A = —2, all of these fields have negative scaling dimensions. Hence, by the modified first
assumption, we set all of them zero.

More interestingly, the requirements (3.11) reveal that, for the S57 S5~ OPE to be consistent,
there must exist a local field A ; that, in the OPE limit, satisfies Al,l ~ 652+ which is a
condition analogous to (3.1). Let us denote the local field as S5 that obeys:

(985 — F) (t,2,2)8(x,) ~ 0 (3.12)

The dimensions of the field S5 then are (A,m) = (-2,2).

It needs to be emphasized that, unlike S5, we did not need to postulate the existence
of the local field Sf. Rather its existence is automatically demanded if the S3 S OPE
is to be consistent. This can be interpreted as the non-closure of the mode-algebra of the
three fields Sy, 57", S; alone.

Finally, we write down the S5 S5 OPE below:

, , z—7z,)3 1= Z—7z)% - z—z
sz(x)SJ(xp)N€1_1>]%1+ [((Azpp)) <K1+28§S3+) +((Azpp)) 30,55 + (Aép]; 655
E=%)? 5+ 2% +} 1 227 % o+
F(t—ty) e OS2 38T s+ —(t—t P g (x
( p){ (Azp) P2 (Azp) 2 2( P) (Azp) 1 ( p)
(3.13)

with K being a constant not yet fixed. It is clear from this OPE that the commutators of
only the modes contained in S;e will involve new modes appearing in S;’e that is defined
below analogously to (3.2) and consistently with (3.12):
Si(t,z,2) = Si.(t,2,2) + tS5.(t,2,2) + ﬁs*(t z,Z) + ﬁsﬂt 2, Z) (3.14)
ag] e\ < 2e\"s < 216’7 3!0”
= 04(S4.(t,2,7)X) = [temporal contact terms]

We shall now investigate on the properties of the local field S;r and discover that a tower of
local fields S,j (k > 4) will be required to automatically exist for the consistency of the OPEs.

4 The tower of fields S;

We shall begin by looking into the mutual OPEs of the four local fields S,:r with 0 < k < 3 and
observe that, for the OPE S5 S5 to be consistent, a new local field S} must exist. Similarly,
for the consistency of the Sy S OPE, another new field S5 is required to automatically

exist. As is anticipated, this sort of argument will recursively generate the whole tower
of the fields S (k > 4).
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4.1 The field S5

Following the steps taken (and remembering the modified first assumption) in the previous
section to construct the OPEs involving Sy, we directly write down the following OPEs
for S5 (it has h = —2):

iS5 (x)S7 (xp) ~ lim

e—0t (AZP S;_(Xp) (4'1)

Beg ST+t 3y 5T | (o) (42

Together with the restriction (3.7), the first OPE implies, similarly as derived for S; , that:
°S5 (t,2,2)®(x,) ~ 0 (4.3)

. o E=5)
i1 (S (05~ Jim | B 9y +

which means that an S§® OPE will be at most a quartic polynomial in (z — z,). Since, the
singularity structure of such an OPE must be the same as that of the S ® and S;”® OPEs,
the condition (4.3) allows us to decompose S5 into five objects (2(t, 2, Z) whose correlators
are both time-independent and holomorphic in the OPE limit, analogous to (3.8).

Now, to find the S5 S; OPE, let us first construct the following ansatz consistent with
the conditions (3.2) and (3.7):

o + (2= 2)" B (Z—2)% 5 o 2= % , o
iS5 (x)55 (xp) Eli]r(l)a+ %% a5,)° B, s+ (t tp){z 0pSy + E 4S3}

where B, 4(x,) are yet undetermined local fields. Now, obeying the restriction (3.12), we
match the singular part of S5 (x)d;, S5 (x,) obtained from this ansatz with that of the
S (x)S5 (xp) OPE given by (3.13) to find that, again, only the O ((t —t,)°) terms give
non-trivial constraints collected below:

Brss2 ~0, Boi ~0
) 1- ) _ )
B3q ~ 5@55’; + K1, DBai~ 481;5;, Biq~ 105;)r (4.4)

Clearly, all of the time-independent local fields B, s>2 and By have negative scaling dimen-
sions; hence, all of them are set zero by the modified first assumption. But, the conditions (4.4)
demand that there must exist a local field Sj such that:

(281 = S4) (.2, 2)8(x,) ~ 0 (4.5)

The dimensions of S} hence must be (A,m) = (-3,2).
The S5 S5 OPE then finally is:

— — — 2 — —
ot + ~ L (z— Zp) 132 (z—2) 48§+ 1+ Z7% 1095+ 4
ZSQ (X)S3 (Xp) ei%l‘* [ (Azp) a S4 + (Agp) 81754 + (Afp) OS4 ( 6)

_ (E=%)% 5 ot il P SR PR Rt
+(t—tp) 33, (95 (Aip) 453 +2(t tp) a%,)

S; (xp)

with K = 0 also, to keep the time-invariance of the (S5 (x)S3 (x,)) correlator intact.
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It is by now apparent that this procedure will recursively reveal the automatic existence
of a tower of local fields S,;:_l (k > 2) just from the requirement of the consistency of the
Sy 8" OPE such that:

(31 = SF) (t.2,2)8(x,) ~ 0 (4.7)

if we merely postulate that the 1+ 2D CarrCFT contains the field S5 in the first place.
We shall now provide a recursive construction of the general Sy S, OPE.

4.2 The fields S}
The relation (4.7) between the fields S and 5,7, leads to:

(088 = S5 (8,2, 2)0(x) ~ 0

that implies that the field S} must have dimensions (A, m) = (1 — k,2). So, the following
OPEs are immediately constructed:

zS+( )Sk;+1(xp) ~ GE%L (A%, S,j(xp) (4.8)
Z— %) 5 Z—7 Z—7

iSy (x )Sljﬂ(xp) ~ 61_1>r(§1+ [((AZ:)) 9 Sk+1 (A ; (k + 2)5k+1 + (- tp)(TZ’; S,j (xp)

(4.9)

As can be deduced by induction from the knowledge of (3.7), the first OPE implies that:
IS (t, 2,2)®(xp) ~ 0 (4.10)

which translates into the fact that an S;7 ® OPE will be at most a (k + 1)-th order polynomial
in (2 — %,).
The relation (4.7) allows for the following decomposition of S,;" inside a correlator:

k
tzz Z

r= 1

kfr k
(t z,2Z) + i

—Si(t, 2, 2) (4.11)

= 8t<S'r(e) (t,2z,2)X) = [temporal contact terms]

while the condition (4.10) permits further decomposition of Sk( ) inside a correlator as
shown below:

S,j()(tzz I{:+1‘Z

Sar(t,z,z) = zH_l(t,z,z) — Hl(t,z,z)
2 2

) ktl=szs H’“ _(t,2,2) (4.12)

n
such that (8H%7S(t, 2,2)X) = —i Z O(t —tp) [contact terms on 5’2}

Such a decomposition is possible because of the holomorphic singularity structure and z, z

being independent. As before, S]j(e) are local Carrollian fields but are merely collections of

modes. The holomorphic weight of H &_ as well as the field S,j is h = %
B} S

,17,



Now, we make an ansatz for the S5 S,': OPE following the same steps as before but
omitting the terms that will be eventually set zero by the modified first assumption:

5 () o T |[E2) 0 G=F) ) E— B
iS5 (%) Sy (xp) 61_1)r51Jr l 33,) A3+ (23,) Ay + Az, Al
E—%) 5 4+, 2= % ! 2 2= % ot
_ ) 1 Z(t—
(¢ tp){ Bl B ey (DS - TS ()

with Aé,k) being some local fields. The Sy (x)S; (x,) OPE obtained from this ansatz must
be the same as the ansatz for the Sy (x)S; |(x,) OPE due to the relation (4.7). Again,
the non-trivial constraints come only from the O ((t —¢,)?) terms. These give rise to the

following recursive system for the local fields A;k
AP ~aS D AP — g5~ Al AR S (k1) ~ Al
with seeds ALY = faﬂsg : AP = 39S, AP =655
We demonstrate the solution of the Ay recursive system below:
AP ~ A o418y = 0240 ~ AP L (k1 1)SF + kS
= OF2AW AP L (k) + k4 (k- 1)+ ... +4)5F
1
= k24P ~ 5k + 1)k +2)55
1
= AP o S+ Dk +2)S],

The inversion of the time-derivatives are unique because of the severe restrictions imposed
by the modified first assumption. This can also be motivated from the specific examples
studied above.

The unique solutions to all the three recursions are similarly obtained to be:

72 k Ky 1
AP fa S AY ~ (k41085 AP ~ SR+ 1k +2)S]E

consistent with all the previously considered specific cases. The S5 Slj OPE is finally
noted below:

z—7,)% 1= Z—7%,)2
z'srj(X)S,;j(xp)Nelﬁil%l+ {((Azﬁi ;ags;gﬁ((mpg (k+1)9, Sk+1+(A %) 2(k+1)(k+2)5,j+1
ot tp){(az)) %,5( + (525 (k:+1)5+} o) 5 Zp) st ) (a13)

With the above derivation as a warm-up, we finally attempt to find the most general

S S;" OPE.

4.3 The general S:Sl"' OPE

We shall find the general S,j Sl+ OPE via a recursive method analogous to the one demonstrated
above. To find the seeds of the recursions, we first note down the three cases with [ =0, 1, 2.
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This can be achieved using the OPE commutativity property from the known OPEs Sl+ S,j
with [ = 0,1,2, i.e. from the OPEs (4.8), (4.9) and (4.13) respectively. While employing
the OPE commutativity property, we need to recall that an S,jcb OPE is a (k + 1)-th order
polynomial in (Z — Z,) and a k-th order polynomial in (¢ — t,), due to respectively (4.10)
and (4.11). Also, since in an S;"S;” OPE only the O ((t —t,)") terms are new in the sense
that the O ((t —t,)") (with 7 € N) terms’ coefficients have already been the O ((t — t,)°)
term in the S;” S," OPE, we shall only explicitly write the O ((t —t,)°) term from now on
in a general OPE. The results are (with h.o.t. denoting the O ((t —t,)") terms with r > 1):

k

) , z—z)" 1

5 6083 0g) ~ Tim Y ((Azi) S OpS () + (ho.t) (4.14)
m=0 :

S+ (x) ST T O At M R ey L s h 4

Sy (%) ST (xp) ~ lim, ZO B3,) " ' Si (xp) + (heo.t.) (4.15)

k — — \m+1
) . (z—zp) (k+1-—m)(k+2—-m) 7,
ZS:(X)S;(XP) ~ 61_1>1(]g1+ ZO (Azp) 5 ] oM S,':H(xp) + (h.o.t.)

(4.16)

With this knowledge, we shall now find the S,;FS; OPE in exactly the same way we
derived the Sy S3 OPE exploiting the S S5 OPE. Let the ansatz for the S’,;"S;r OPE be:

iS;"(x)S5 (x,) ~ lim Zk: w BW®) 4 (t—t )kz_:l w B*=D 1 (x,)+(h.o.t.)
k 3 P 0+ = (Aép) m P = (Afp) m P I

where B (xp) are the local fields to be determined via recursion. Now, due to the re-
lation (3.12), the iS; (x)S7 (x,) OPE derived from this ansatz must be the same as the
OPE (4.16). This gives rise to the following recursion relation:

y(k+1-—m)(k+2—m)

Bl ~ B! 3l 0S4
2 (k)N (k’—?) (k—l—l—m)(k—l—Q—m) am o+ (k:—m)(k—i—l—m) am o+
= 92BW ~ pl-2) 4 o s+ o sy
. - 1 k+1—m .
L ghemiip®) o gl D+2w”[§%nm+n st

To solve this recursion, we need a seed. Since we are comparing the coefficients of the

sz \ym+1
(t — tp)o% terms, we need to remember that such terms only occurs in the S, S3

OPEs with » > m. This means that B,ST‘” = 0 and that is the seed of the recursion.

Thus, we have:

k—m+1 1 (k (k+1-—m)(k+2—m)(k+3—m) 5,
o +B7(77’)N 6-m! % Sm1
(k+1-—m)(k+2-—m)(k+3—m) 5,
= B~ 8pS2,'+2

6-m!
So, the S,’:S;’ OPE is given by:

k - - \ym+l
) o S G B (1 m)
iS5y, (%).53 (xp) ey mz::() (Az,) 6 - m!

2 OmS o (xp) + (ot (4.17)

where (...)3 is an upward Pochhammer symbol.
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In the exactly similar way, we find the S;SI OPE from the knowledge of the S,;FS;
OPE to be:

k — — ym+1
Ot () S (%) o i (2— %) (k+1—m)
S (ST G ~ i D, s 24 m

L OmSE (%) + (ot (4.18)

and the S} S5 OPE from the S;" S/ OPE as:

k — — \ym+1
‘ . (z—2p) (k+1-—m)s5 5,
iSF (x)SH (x,) ~ lim mz::o ( A;ﬁp) oo Sia(xp) + (hot.)  (4.19)

The form of the explicit examples (4.14)—(4.19) inspires the following obvious guess
for the general OPE S,;"S;r:

k — — \ym+1
. . (2 — %) (k+1—m)
iS¢ ()5 (xp) ~ lim z—:o (Agp) I ml

Lomsit, 1(xp) + (hot.)  (4.20)

That this is indeed true can be quickly verified by noticing that the OPE S,‘: Sl+ is exactly
the same as the OPE S;7S;" |, as must hold because of the relation (4.7).

For the sake of completeness, the full form of the above OPE, consistent with the
decomposition (4.11), is written below:

k k—r r — — \m+1
. . t—t zZ—z r+1-m); 5,
ZSI:—(X)S;—(XP) ~ 61_1>I(I)1+ § : ( (k _pzq)| § : ( (Agi) ( l' . m| )l ap S:_+l—l(xp) (421)
r=0 © m=0 : :

Having derived the general SZS;“ OPE, we now take on the final goal of this paper:
uncovering the symmetry algebra manifest in the mutual OPEs of the tower of fields {S,j}

5 The symmetry algebra

To find the quantum symmetry algebra from the OPEs, one needs to first identify the
contributions of the modes to the OPEs. As is implied by the decomposition (4.11), the new
modes in a field S,j that do not appear in the fields S,j_r with 1 < r < k are all contained in
the part S,j(e). In this sense, the part S,j(e) is the unique signature of the field S,j. Similarly,
the ‘new’ information content of the S;Sf OPE is described by the S;(E)Sl'(:) part.

We recall that the part Sl;"(e) is not a Carrollian conformal field. So, strictly speaking,
the S’,j(e) S;(re) part is not a Carrollian conformal OPE. Nevertheless, we shall call it an ‘OPE’
from now on. It can be readily extracted from the S;S;" OPE (4.21) by comparing the
O(totg) terms from both sides to be:

k 5 _ 7 \m+1
(2=2)"" (kt1-m) o, )
Z (Agp) I'-m! O, S:Jrl—l(e) (tps 2p, Zp)

(5.1)

,L'S]j(e) (t7 & E)Sl?e) (tpv Zp, gp) ~ lim

+
e—0 m—0

1 1

In the explicit ¢ — oo limit where e (and then recalling that any Sj(e) is
time-independent in the OPE limit), this ‘OPE’ is exactly the same as the OPE of the
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positive-helicity conformally soft gravitons at the tree level of the Einstein gravity in the bulk
AFS [35]. There, it was obtained by taking the conformally soft limit from the general OPE
of two Celestial conformal primary gravitons derived in [36] that needed some crucial inputs
from the explicit bulk gravity theory. Here, we have reached the conformally soft graviton
OPE directly by instead exploiting only the constraints imposed by the Carrollian conformal
symmetry along with the two assumptions stated in section 3.1. No hint from the underlying
bulk theory was needed in our field theory analysis. The Carrollian time-coordinate ¢ played
the central role in our construction.

Thus, the conformally soft graviton operator H¥(z,Z) of [35] that is a primary field in
2D Celestial CFT is the two-dimensional object Z'S;L_ k(e)(oo, z,z) appearing in the Carrollian
conformal field iS;" ,(t — o0, z,2).

Moving back to our goal of finding the symmetry algebra, we now substitute the anti-
holomorphic mode-expansion (4.12) into the ‘OPE’ (5.1) and match the powers of both z
and 2, from both hand sides to find an ‘OPE’ H%,T(z)Hth,s(zp)' The dependence on

the time- and the anti-holomorphic coordinates are removed since, by (4.11) and (4.12),
the Carrollian ‘modes’ H, f, (t,z,z) are independent of respectively ¢ and z in the OPE limit,
thus making them effectively holomorphic inside an OPE. While it is straightforward to
match the powers of z, to do the same with z, we must first insert the anti-holomorphic
mode-expansion for 5;15';“_1(6)(%, Zp) on the r.h.s.. Doing these, one finds the following
‘OPE’ (with AZ, = z — z, — je0" from now on):

k+1 I+1
U )
- Z(/-5 + 1))! (z(+ 1)!H%_T<Z)H5+Tl_s(zp>

Chm Y <—1>m“—’“<m+1> <s+r—1><k+1—m>l G

S0 o1} (AZ,) r m I-m! (k1) s+l

The summation over m at the r.h.s. of this ‘OPE’ can be done as below (for r > 1):

zk: (_1)m+1_r<m+1> (3—1—7“—1) (k+1—m)

e r m Ir-m!
k+1—r
_ (_N\k+1l—r (S +r— 1)' S (l + 1)k+1—r—m _N\k+l—r—m
= ) slr! mEZ:O(m—’_T) m (k+1—r—m)!( )

= (—)kHTW X [Coeff. of zF1=" in [r+ z(r + 5)](1 + x)s—lf2 }
s+r—1 (k+l—s—r+1)!
- sir! : (/-c(+ =+ 1 —)s)! rt+1) = s(k + 1)

that also holds true for r = 0.
Thus, the above ‘OPE’ reduces to the following simple form:

k 1 Hkili_l(zp)
ZHa (Z)Hb(zp) ~ €£%1+ [(I(l + 1) — b(k + 1)] m (52)

with —% <a< % and _1+71 <b< l+71 now (2a,2b € Z). This has precisely the same
appearance as a Kac-Moody current OPE in a holomorphic 2D CFT (after explicitly putting
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¢ — 07). But the infinite-dimensional Lie algebra underlying such a Kac-Moody current
algebra is not standard in the sense that it has no name! Fortunately, as we see below, this
Lie algebra can be recast into a standard form.

For this purpose, we relabel the ‘modes’ HF as:

' N
ng%Hsp_?’ = p65+1 and 1—-p<a<p-—1 (5.3)

and get the following ‘OPE’ for the modes w? from (5.2):

P q . wgig_Q(Zp)
wB(E)uf(z) ~ Jim lalq — 1) by~ ] S22 (5.4
€ p

that resembles a 2D CFT Kac-Moody current OPE with the Lie algebra being (a sub-algebra
of) the wy4c algebra [40]. The underlying Lie algebra would actually be the ‘wedge sub-
algebra’ defined by the restriction (5.3) on a [39] of the full w14 algebra with unconstrained
a € Z [40].

In the context of 2D Celestial CFT, the algebra of conformally soft gravitons was re-
expressed as this same Kac-Moody algebra in [41]. In this work, the central term w} of [41]
is set zero to respect the time-translation invariance. But more importantly, we do not
interpret the mode-redefinition (5.3) as a (discrete) light-transformation as opposed to the
descriptions presented in [41, 59].

We shall now explicitly show that the ‘OPE’ (5.3) actually gives rise to the above
said current-algebra symmetry in the CarrCFT (rather than the suggestive resemblance) as
the algebra of the modes. This check is important because the CarrCFT technology has
some differences with those in the usual 2D CFT. In particular, the mode-commutation
relation is shown in [9, 32] to be related with the corresponding OPE via a complex-contour
integral in CarrCFT without the need to perform any radial-quantization. It is the temporal
step-function- or the je- prescriptions of the CarrCFT OPEs instead that play the crucial
role in establishing such a relation.

First we notice that the objects H(’f(z) can be holomorphic mode-expanded inside a

3—k

correlator as below, by remembering that its holomorphic weight is h = =5=:

Hi(z)= Y HER {p} = frac(p) (5.5)
nGZJr{%}

facilitated by the property that H¥ is independent of z (and t) in the OPE limit. This
mode-expansion is inverted to recover the modes as following [9]:

A

1 5 antlzh 5
Hfm = 9 % dz 2" % HN,2,2) (5.6)
C/

where C!, is the counterclockwise contour on a y = az + b plane in the 1 4+ 2D Carrollian

space-time that encloses the entire upper half plane ¢t > 0 as well as the line ¢ = 0.
Finally, we shall now find the algebra of the modes Hf,,. This will be (part of) the

symmetry algebra manifest at the level of the OPEs of a CarrCFT that contains the field
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S;r . For that, we first compute the following commutator:

1 - N
Hiw  Hi0)] = |52 f dz 2T HEt,2,5)  HY(xp)
Cl

1 SRS B . B o )
=3 dz 2"+ T[Hf(t;,z,z)Hf,(tp,xp) — H}(t, ,z,z)Hé(tmxp)}
1 ok Hk+l—1<x )
— lim —ifa(l+1) — b(k 17]{dmn+?u_o
lim —ifa(l+1) = b(k +1)] 7 P2 PR

u

1—k
= —ila(l+1) = bk + 1)z * HH (x,)

where the contour C,, encloses only the upper half plane ¢ > 0 but not the ¢ = 0 line; passing
from the C/, to the C,, is valid only in the ¢ — 0T limit. Clearly, the C,, contour does not
enclose the singularity at 2 = 2z, + je0™ coming from the H, g(t; ,2)H](tp, zp) term; so it has
no contribution to the above commuator.

Next, using the mode-expansions (5.5) for H}(z,) and H C]ﬁé_l(zp) and comparing the
powers of z, on both h.s. of the above commutator, we get the following mode-algebra:

i HEy iy = [al+1) = bk + D] HEELL (5.7)
or, in terms of the relabeled modes from (5.3): w?,,, = %Hg%_:; with p+n € Z as:
(Wl s wi,,] = lalg = 1) = b(p - V] w2, (5.8)

confirming that the (wedge sub-algebra of) w4+ Kac-Moody algebra indeed arises as the
algebra of the modes from the OPEs of a CarrCFT containing the field S5 .

Let us have a closer look into the algebra (5.7) or equivalently the ‘OPE’ (5.2). As
discussed earlier, the existence of the fields S and Sj is a universal feature of any 1 + 2D
CarrCFT since they are co?structed purely in terms of the Carrollian EM tensor. The ‘modes’

H! (or w?) and HY (or w?) are their respective unique signatures. In [9], from the mutual
‘OPE’s (that remains unchanged even under the modified first assumption) of these five
‘modes’, the symmetry algebra was derived to be the Kac-Moody extension of the sl(2,R)
algebra with an abelian super-translation ideal. This is thus the ‘universal’ sub—algebrfx of
the symmetry algebra (5.7). The Carrollian conformal modes H, ;;n generate the sl(2,R)

sub-algebra and the modes Hi 1., the ideal. On the space of the Carrollian quantum fields,
27 -
the three zero-modes H;;o generate the three sl(2,R) Lorentz transformations while the four
modes Hi 1.1 inflict the isl(2,C) Poincaré translations.
2772

The special ‘OPE’s involving the ‘universal modes’ H_} contain some information on
representation theoretic properties of the tower of fields S,j or, rather, their signature ‘modes’
H*. From the general ‘OPE’ (5.2), we readily find that:

Hf Hf
iHL HF ~ Jim [k +1) — 28] — vl GHMHF ~ lim —2b b (5.9)

z2—zp — jeOt e—0+ z — zp — jeOt
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implying that the (k4 2) ‘modes’ H,f transform under the (k + 2)-dimensional representation
of the group SL(2,R). Consistently, the SL(2,R) generator ‘modes’ H_} transform under the
3-dimensional adjoint-representation of the said group.

We recall that there is another ‘universal’ Carrollian conformal field 7', built out of the
Carrollian EM tensor, that can be treated as a local field simultaneously with S;~ and S; [9].
Since the T'® OPEs (2.31) have only meromorphic pole-singularities but are anti-analytic,
these have the same singularity structures as that of all the S,;F(I) OPEs. So, the field T
and the tower of fields S,j are mutually local.

Even with the modified first assumption, the OPEs T'S;” and T'S;" remain unchanged
from the following, as derived in [9]:

3 g+ +
iT(t,2,2)Sq (tp, 2p, Zp) ~ lim [(ii?)? + 32”2 1 (tps 2ps 2p) (5.10)

e—0F

Sy ST t—t, Sy
. N\ o+ _ . 1 p1 P 0 2
it 2 2)S7 (tp: 2, 2p) ~ limm, [(Azp)z AL T e (e )
while the ST and the S{T OPEs were readily obtained from the above by using the
OPE commutativity property and remembering the conditions (2.15), (2.16), (2.25), (2.26)
and (2.32) to be:

195 o+ 33 ot 3o+ 15 o+
iSar(x)T(xp) ~ el_igh [(z —Zp) (2?22’50 + (22‘23)2> + (2?2)2 + 2(%23 ] (xp) (5.11)
15249+ 5 o+ +
Z{Sfr —(t— tp)SJ} (X)T(Xp) ~ el_igL l(z - gp)2 ?Apg )12 + (2 - Zp) (210251)2 (AS; )2] (Xp)

On the other hand, the TT OPE was derived to be [9]:

iT(x)T(xp) ~ lim [(

e—0t

—i£ or 0, T t—t, [30,0,S5  39,S;
() . + — + Zp~ _ P )2 PNP 20 + P~ 03 (Xp) (5'12)
Azt (AZ) Az 2 (Azp) (AZp)
where ¢ is a constant not fixed by symmetry arguments alone.
The (singular parts of the) general TS,? OPEs can be completely determined by remem-
bering the general form (2.31) of the T® OPEs and the modified first assumption to be:
3—k g+ + +
T~Sk2 + aP*S:k - L= tp Sk~_12 (tp7zp>z:l’) (513)
(AZp) Az 2 (Az)

iT(t,2,2) S (tp, 2p, 2p) ~ 61ir51+

that is easily checked to be consistent with the relation (4.7) and the restriction (4.10). The
S,jT OPEs can be immediately derived from this, using the OPE commutativity property
and applying these two conditions.

Thus, together with the S S; and the S S;" OPEs (4.8), (4.9), the T'S;" OPE (5.13)
implies that:

each S,j is a Carrollian conformal primary field with (E S,j) =0= (5 : S,j)

But, this is not the case with the field 7. From the SJT, ST and the TT OPEs above, we
can immediately conclude that T' is not even an ISL(2,C) quasi-primary field; it is only an
SL(2,C) or Lorentz quasi-primary [9]. Moreover, both (£ - T') and (é -T ) are non-zero.
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We now proceed to find the mode-algebra from the TS,? OPE (5.13). Just as the ‘modes’
HF contained in the S:(e) part of the field S,‘: is its unique signature, the object T, introduced
in (2.30), that corresponds to the 2D Celestial CFT EM tensor [15], is the unique signature
of the field T'. So, from (5.13), one can easily find the following ‘OPE”:

50 %Sk
Z‘Te(t,Z,Z)Slj(e)(tp,Zp,Zp)NEEI(I)I+ (25,2 A, (tp, 2p, Zp) (5.14)

In the limit ¢t — t; and t, — oo, this is actually a 2D Celestial CFT OPE saying that the
Celestial conformally soft graviton field S,j(e)(oo, z,Z) is a Celestial conformal primary [35].
We then note the following holomorphic mode-expansion for T, in a CarrCFT OPE [9]:

, o 1 R , IS
iTe(z) = Z Lpz"? — L,= I dz 2"THATL (L, 2, 2) (5.15)
neL c,
Using this and then, first the anti-holomorphic decomposition (4.12) for S,j(e) and next the
holomorphic mode-expansion (5.5), we find the following commutator from the ‘OPE’ (5.14)

in a manner similar to the derivation of the algebra (5.7):

Lo, HE,| = <n

We also note the [L,, L,,] commutator derived in [9] from the 7.7, ‘OPE™

1—-k

) B = (Lo wl] = 02 - p) - ml it (510)

C
[Ln ) Lm] =M —m)Lpn+ —

12 (n3 - n) On+m,0

which is the holomorphic Virasoro algebra Vir.

Thus, the complete symmetry algebra manifest in the OPEs of a 1 + 2D CarrCFT that
contains a local field Sj obeying the relation (3.1) is the semi-direct product of Vir and the
wedge sub-algebra [39] of W4 with the semi-direct product structure given by (5.16). The
‘universal’ sub-algebra of this algebra, i.e. Vir x sl(2,R) with an abelian super-translation
ideal, is the OPE-level symmetry (in the holomorphic sector) of any 1+ 2D CarrCFT [9].

Unlike the Celestial CFT literature [30, 35, 41, 58, 59], we reached the above conclusion
solely from the Carrollian conformal symmetry arguments and the general properties of
OPEs, under the two assumptions stated in section 3.1, without requiring any hint from
the explicit (quantum) theory of gravitation in the 1+ 3D bulk AFS. Thus, our analysis
is purely holographic in nature.

6 An infinity of soft theorems

We shall now uncover, in the current framework of the 1+ 2D CarrCFT, the direct connection
between the existence of the infinite tower of conformally soft graviton fields, as described
in [35] in the context of the 2D Celestial CFT and in section 4 of this work and an infinite
number of soft graviton theorems manifest as the Ward identities of large diffeomorphisms,
as presented in [42, 43].
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As suggested in section 3, for a Carrollian conformal field S5 to encode the subsubleading
energetically soft graviton theorem [13] in its Ward identity, it should obey a relation like (3.1).
As we have seen in sections 4 and 5, recursive iteration of this suggestion reproduces the
correct Carrollian conformal OPEs containing the conformally soft graviton OPEs [35] of 2D
Celestial CFT. Providing a direct justification to this suggestion is the first step towards
the goal of this section. We shall closely follow the argument presented in [9] that showed
the relation between the source-less 1 + 2D CarrCFT EM tensor Ward identities and the
leading [12] and the subleading [13] soft graviton theorems.

We begin by noting down the SiS;" OPE (4.13) below:

o+ + ~ T (2—2p)3 1*2 + ( — +
1Sy (x)Sy (xp) J_%L{ (Az,) 28p5k+1+ (Azp) 2(k+1)(k+2)5k+1

o <k+1>s+} ;(pr St S| )

and recall that all the fields S+ are Carrollian conformal primaries with (E . S,j) =0=

(£ S+) with dimensions (h, h) = (%k, —%) Since valid for an infinite number of fields

S,j, we postulate that the field S; has the following OPE with a special Carrollian conformal
primary® ® with dimensions (h, h) and (f <I>) =0= (& D)

W

(2h)(2h — 1)@

ot | (Az,) 2P (AZ,) (AZ,) 2

e e

iSF(x)®(xp) ~ lim [M Lipg, _ E=%) 208, d, + 2 L

1 Zp
2h<1>} 2(t—tp) (Azp)q)( ») (6.1)

with the unique local Carrollian field ®; satisfying ®; ~ ®. It is important to note that
the OPE of the local field ®; must not be completely determinable in terms of that of the
field ®; more precisely, it should hold that:

1(t, 2, 2) / dt' ® + (terms with temporal step-function factor)

as happens for the fields S,j.
Remembering the decomposition (4.11), we first collect the S’;(e)q) ‘OPE’ as:

o+
iS5,

(€) e—0t

_ . (2-%)% 1 (-2
(t,2,2)®(xp) ~ lim [ @3,) 5(912;(1)1 T A3

—¢ {(Z_Z?”)ng)_z_zpy_lq)}_,_tpz_zpq}] (xp)
LAz T (A%) g

5We expect the Carrollian conformal weight A to be discrete unlike its Celestial counterpart A.. This

expectation stems from the fact that a 1 + 2D Carrollian conformal primary field that corresponds to a 4D
bulk field describing a mass-less (hard) scattering particle must possess A = 1. Clearly, all the descendants of
such a field have integer Carrollian weights.
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that, is the Carrollian conformal counterpart of the subsubleading conformally soft graviton
OPE with a 2D Celestial conformal primary as in [60], since clearly, Ag, = Agp — 1 and
me, = mg. This observation is consistent with the earlier interpretation in section 5 of the
object S;(e)(oo, z,Z) as the Celestial conformally soft graviton field H~1(z, z) in [35]. This
‘OPE’ is further decomposed according to the anti-holomorphic ‘mode-expansion’ (4.12) as

3020, 32,0281 +4h0,®1 + 2t,0,P
772 -~ L2 o1 pYp D pUp
ZH_% (z)q)(xp) 61_1>%1+ (Azp) ) ZH_% (Z)(I)(Xp) 61_1>I(I)1+ (Agp)
37202® +8hz,0,®1 +2h(2h — 1)® +42,t,0,® + 4ht,® + 12D
iH?(2)®(x,) ~ lim — 21T OO (20— 1)1 147,10, PRI (6.2)
2 e—0t (Azp)
V2 (2)B(xy) ~ lim 3 230201 +4hZ20, 01 4 2h(2h — 1) 2, ®1 4 2231,0,® +4ht 2, D +127,®
2 P e—0t Oﬁ%ﬁ

where it is understood that the fields on the r.h.s. are at x,. Finally, the holomorphic
mode-expansion of the ‘modes’ H ,% are given by (5.5) as:

S

n€Z+2

that implies the following transformation generated by, e.g. the modes H El.n, from (6.2):

27
_1 — — _
i [Hiém : @(xp)} =z 2 [3zpa§q>1 + 4h0,®1 + 2tpap<1>} (xp) (6.3)

derived using the CarrCFT OPE <— commutator prescription developed in [9].
Thus, the four Carrollian conformal modes H 2 | generate four global transformations on

the quantum field ®, that can be read off of the numerators of the ‘OPE’s (6.2). These are
the four global transformations generated by the Carrollian conformal field S;. Consequently,
the existence of the field S5 in the theory demands that the CarrCFT correlators must be
invariant under these four global transformations, in addition to the ten global Poincaré
constraints imposed by the three ‘universal’ generators Sf , Sar and 7.

The most striking feature of the transformations generated by S; is their non-locality in
time (but locality in space): they involve a time-integral of the original primary field. This is
consistent with the conclusion of an Einstein-gravity analysis in [61] that the subsubleading
soft graviton theorem arises as a consequence of conservation of a spin-2 charge generating
a non-local space-time symmetry at null infinity; these symmetry transformations are also
non-local only in (retarded-)time.

That in the O ((t — t,)°) terms of the S ® OPE (6.1), it is indeed h that appears instead
of h can be checked by considering e.g., a Jacobi identity involving the primary ® and the
two Carrollian conformal modes H 11 and HY 1 . There is no doubt about the terms linear

and quadratic in (¢ — t,) that are already ﬁxed by the restriction (3.1). Also, by considering
another Jacobi identity with H¢ 11 replaced by HY? i.1, it becomes apparent that the form of

2 272

the O ((t — t,)°) terms in the OPE (6.1) must be modified when the primary ® has non-zero
(é . (I>> and/or (£ - ®) or ® is a non-primary. An important example of the second case is
the S5 T OPE whose O ((t —t,)°) terms are very different from those in (6.1). In this work,
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we do not consider the case of the general primaries because only the Carrollian primaries
with (E CI)) =0 = (£ ®) can describe mass-less scattering in the bulk AFS [9].

Restoring the temporal step-function factor, the S5 Ward identity corresponding to
the OPE (6.1) is given by:

=) Loy1 (=%)°
i(Sy (t,2,2) X Zet tp) [ p— 500, p— 2hp0p0;)} + .,

2 p(2hy—1)0;

+(zs—7sp){(5_573)201,—2@2_573}+(IHP>2 E_ZPatp] (X) (6.4)

zZ2—2p zZ—2p 2 2—2p

with X being a string of Carrollian conformal primaries, all with (é . <I>> =0= (&£ P). The

terms regular in z — 2, all vanish because we demand that the (S5 (t, z,2)X) correlator be
finite whenever z # z,; in particular, this correlator must be finite when z = 0o (remembering
that the CarrCFT primary S5 has h > 0). The complete argument is analogous to the
ones elaborated in [9] for the finite-ness of the correlators (S7 X), (Sg X) and (TX). Since
the integral operator 62;1 clearly changes (A, m) — (A —1,m), the S;r(e) part of this Ward
identity is the Carrollian conformal version of the positive-helicity subsubleading conformally
soft graviton Ward identity in [36].

In [9], it was shown how to recover the 14-3D bulk AF'S leading [12] and the subleading [13]
energetically soft graviton theorems by simply taking a temporal Fourier transformation [49—
51] of the S;” Ward identity (2.20) and then imposing an energetically soft limit only for
the field Sf . To perform the temporal Fourier transformation, opposite phase conventions
were required [8] for the Carrollian conformal primaries with A = 1 that were to describe
the outgoing or incoming bulk AFS mass-less particles in null-momentum space [7, 8, 11];
this convention was chosen in [9] as (with w > 0):

- 1 7 ,
Dout(w, 2, 2) / dt e”“'®(t,2,2) and Py (w,z,2) = o / dt e“'®(t, 2, %)
T

(6.5)

We now temporal Fourier transform the S5 Ward identity (6.4) according to the above
convention while choosing the outgoing convention for S5, complexify the energy w of the
field S5, set all A, =1, m, = s, (the helicity of the bulk mass-less particle) and finally,
take the energetically soft w — 0 limit to obtain:®

: - 5, 1 (=504 (-3 .
limi<5;(w7z75)XoutXin> = lim — Z {wgz Zpep — (2=%) 0+ (2= %) (sp+wp0l,)
w—0 w—0 w Z—Zp w Z_Zp
peall
_ 2
1 (2—2,)%0,+ (2—2p) (sp +wpO L
+—€—p{ - 2) p ey /) +0(W°) t{XouXin)  (6.6)
w 2wp (z2—2)(2— %)
with €, = +1 for outgoing and ¢, = —1 for incoming fields. As expected, the r.h.s. is

recognized as the soft factorization and energetically (holomorphic” [13]) soft expansion of

5Modulo the zero-mode problem of 8,;1.

+

"Inside a Carrollian correlator, the relation 8,525'; = S{f is translated into w25'2 = fS'O* in the w-space; so,

it is consistent with the fact that insertion of lim iSJ (w, 2, Z) leads to the ‘natural’ soft-factorization [13].
w—0
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the soft factor of a 1+ 3D bulk AFS mass-less scattering amplitude involving an outgoing soft
1
w

universal soft factor [12, 18], the subleading O(=3) term is the Cachazo-Strominger universal

external graviton up to the subsubleading order. The leading O(-3) term is the Weinberg
1

soft factor [13, 22] and the subsubleading O(g) is a non-universal [25, 26] soft factor; its

form agrees with the one in [62] explicitly calculated for the example of tree-level Einstein-

gravity [13]. Within the Carrollian context, this subsubleading soft factor is non-universal

since it is present only in those 1 + 2D CarrCFTs that contain the field S, unlike the two

in the more leading orders [9].

Thus, we have shown that the Ward identity of the Carrollian conformal field S5 obeying
the relation (3.1), indeed encodes the bulk AF'S soft graviton theorems up to the subsubleading
order. In section 5, it was also concluded that this S; field contains the positive-helicity
subsubleading conformally soft graviton primary [35, 36] of the 2D Celestial CFT.

Inspired by the above conclusions for the field S5, one may get tempted to draw a
blind analogy for the whole infinite tower of fields S,j containing, as shown in section 5,
the whole family of the 2D Celestial conformal primary soft gravitons of [35]. We shall
find out that while this infinite tower of fields S,j indeed encodes, as Ward identities, an
infinity of energetically soft theorems described in [42, 43], the fields 5’2;2 do not generate
any additional global symmetries and hence, impose no new constraints on the CarrCFT
correlators, consistent with [35].

We begin by rewriting the general S/,jSl+ OPE (4.21) as below:

k k—r T s _ 7 \ymtl
_ , (t—tp) (z—2zp) U+ Dr—m  am
e CISGe) ~ lim D S X T As T (gt O Sree1 (%)
r=0 © m=0 ) ’

and recall that dimensions of the field S;" are (h, h) = (%‘l, _%H) In exact similarity with
the case of Sy, we postulate the following S,;'WI) OPE:

L= t) T &K E= )" (22h)m

ST R(xy) v Tim 3 T S

+
=0 r=0 m=0

(Agp) (7’ — m)' .m)! é;n(b"“—l(xp) (6.7)

for a special Carrollian conformal primary ® with dimensions (h, h) and with (é . <I>> =0=
(& - ®). The unique local fields {®,} satisfy:

O, ~® (r>1), =@ and ;=9

Following the discussion on S5, we can extract the ‘OPE’s H¥(2)®(x,,) analogous to (6.2),
by appealing to the decomposition (4.11) and (4.12) and from there, derive the space-time
transformations inflicted by the Carrollian conformal modes H, L’fm on the quantum fields, just
like (6.3). It is clear that all of these transformations are non-local in time but spatially local
as they involve time-integrals of various order of the original primary field. For a discussion
on the Einstein-gravity dual of these transformations, see [63].

We are now in a position to conclude that the infinite number of S,j(ID OPEs will thus
generate an infinite number of global space-time symmetry transformations under all of
which the CarrCFT correlators must be invariant, just as we did for the Sj case. But
that is not the case!
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To show this, let us start with the case of S;r . The transformations that its modes
generate is derived as [Hgn , (I)(Xp)} via the OPE +— commutator prescription starting

from the S§ ® OPE. But, from the symmetry algebra (5.7), we see that:

i [HQ Hl?,m} =3 (a - b) Hg—i—b;n—&—m

a;n
Thus, the transformation [H 3;,1 , CI)(XP)} can be directly found out using a Jacobi identity
involving the field ® and two appropriate modes Hf;l and Hf;m and the knowledge of the

transformations {ka , (I)(Xp)}, without any need to learn the Sf® OPE at all. We can

iterate this process to extract the transformations generated by the modes of the field S,;;Q

from the knowledge of the transformations inflicted by the modes of S5 and S,j_l without ever
appealing to the S,;“ID OPE. Hence by induction, all we require to find the transformations
generated by the tower of fields S,j>2 is the knowledge of only the transformations that S5
generate. Thus, the seemingly infinite number of global symmetries are not independent at
all from the four generated by S;. Thus, the correlators in such a CarrCFT are subject
to a merely four additional global symmetry constraints in addition to the ten ‘universal’
Poincaré constraints. This conclusion resonates with the observation in section 4 that in a
CarrCFT containing a field S5 obeying (3.1), an infinite tower of fields S}, are required
to automatically exist to render the S5 S,j_l OPEs consistent. -

Since the temporal Fourier transformation of a 1+ 2D position-space CarrCFT correlator
of primaries all with (é @) =0=(&£-P)[9 and A =1 [7, 8, 11] gives the 1 + 3D bulk
AFS null-momentum space S-matrix [8], the above discussion implies that no new global
symmetry constraint besides the ten ‘universal’ Poincaré plus the four generated by the
field Sy is imposed on this S-matrix by the tower of fields Sj.;. The 2D Celestial CFT
counterpart of this statement is proved in [35]. -

We shall now finally establish that the infinite tower of Carrollian conformal primaries
S,j does indeed imply the existence of an infinity of projected (energetically) soft graviton
theorems [42, 43] as their Ward identities.

Restoring the temporal step-function, the Ward identity corresponding to the CarrCFT
OPE (6.7) is given as the following:

n k . k—r 7 5_ 3 m+l [ o7 -
i(SF (2, 0)X) =S 0t —t,) > (t(k ip%! > (2 — %) (—2h)r—m

m=0

am l—rX
z—z, (r—m)!-m! %', (X

(6.8)

up to a (k — 3)-th degree polynomial in z that can not be fixed by symmetry considerations
alone. Obviously, it will now receive the same treatment as the S5 Ward identity (6.4).
For that, we first note the following identity:

(t _ tp)s e—iwtp

gt eitgs gy EW) i 6.9
_[o e ( p) 5! ai)%l-‘r bg(%r [iw + (b— m)]SH o

where w is a complex quantity.
Following the convention (6.5), we now temporal Fourier transform the S,j Ward iden-
tity (6.8) choosing the outgoing convention for S;7, set all A, =1, my = s, use the
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identity (6.9) (and explicitly put the limits for a,b) and finally impose the energetically soft
w — 0 limit to obtain the following schematic Laurent series around w = O:

0 1 2 k
lim ! <5*,j(w, z, z)XoutXin> = lim [ﬂ(ﬁl + i(k) + fk(_)l +...+ F:j) +O(w°)] <Xoutf(m>
where F(© is the Weinberg leading soft factor [12, 18], F (1) is the Cachazo-Strominger
subleading soft factor [13, 22] and F®) is the subsubleading soft factor [13, 62] that appear
in (6.6); F*Z3) are the next order soft factors. A soft factor F¥) has (z — z,) in the
denominator and a (k + 1)-th degree polynomial in (Z — Z,) in the numerator. It is possible
(but tedious) to derive its explicit form following our derivation of F(?). From the explicit
examples of the SS' , Sfr , S;r cases, it is clear that the soft factor F(*) first appears from the
Ward identity of the field S at the order O(1). In this manner, an infinite number of
projected energetically soft graviton theorems [42, 43] arises from the Ward identities of the
infinite number of Carrollian conformal primaries S,j that contain the 2D Celestial conformal
primary soft gravitons H'~* of [35]. Furthermore, the undetermined terms polynomial in z
in the (S,jX ) Ward identity correspond to the homogeneous part of the graviton amplitude
that are projected out to obtain the infinite-order soft factorization [42, 43].

7 Discussion

Building on the direct relation between the EM tensor Ward identities of a 1 + 2D source-less
CarrCFT on a flat Carrollian background (with R x S? topology) and the universal leading [12]
and the subleading [13] soft graviton theorems that was uncovered in [9], in this work we
investigated how the non-universal [25, 26] subsubleading soft graviton theorem [13] can be
holographically encoded into a CarrCFT if at all.

We found out that in addition to the following three universal local generator fields
in any generic 1 4+ 2D CarrCFT: Sar (and its non-local shadow S, ) whose Ward identity
contains the leading soft graviton theorems and S;” and T' encoding the subleading ones (of
both helicities) [9], a local Carrollian conformal field S; must be postulated to exist in the
theory such that it obeys the relation (3.1), for capturing the positive-helicity subsubleading
soft graviton theorem. To avoid the ambiguity associated with double soft limits of opposite
helicities [29], here we have refrained from looking into the case of the negative-helicity
non-universal subsubleading soft theorem.

After introducing the local field S; in the theory, we attempted to construct the mutual
OPEs of the three fields Sg, Si, S5 using only the general forms of the CarrCFT OPEs (2.14)
and (2.24), derived completely from Carrollian symmetry arguments in [9], and the OPE
commutativity property. For this method to work, we needed to assume that there is no
time-independent local field with negative scaling dimension A in the theory with the Identity
being the unique time-independent field with dimensions (A, m) = (0,0).

In [31] and in [27], it was assumed that no local field with negative holomorphic weight A
exists in the 2D Euclidean (chiral) CFT, with the unique field having h = 0 being the Identity,
to completely determine the singular parts of respectively the TT" OPE and the JJ OPEs
using only general conformal symmetry principles and the OPE commutativity property. T
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is the holomorphic EM tensor and J represents an additional symmetry generating primary
with h € {%, 1, %, 2, %, 3}. The above mentioned CarrCFT assumption is similar in spirit to
this one. Since, h > 0 is the unitary bound in a 2D chiral CFT, we wonder if the non-existence
of time-independent local fields with A < 0 is analogously a unitarity condition for a 14 2D

CarrCFT. It will be very interesting to establish or dismiss this speculation.

Proceeding to construct the OPEs using only the general symmetry arguments under this
assumption, we discovered that for the S; S; OPE to be consistent, there must automatically
exist another local primary S5 in the theory, obeying the relation (3.12). Similarly, it was
found that another local field Sy, satisfying (4.5) must automatically exist to render the Sy S5
OPE consistent. Iterating the algorithm, it could be seen that an OPE S5 S,j is consistent if
a local field Sktrl is automatically present in the theory, that obeys the condition (4.7). Thus,
the local primary S’;’ , if present in the CarrCF'T, generates an infinite tower of Carrollian
conformal primaries 5’,;';3. Each of these primaries satisfies a null-state condition (4.10).

The general Carrollian conformal OPE S;(x)S;"(x,) was obtained as (4.21). In this
derivation, the Carrollian time coordinate played the central role via the condition (4.7). Com-
paring the (’)(totg) terms on both sides of this OPE and then imposing the ¢ — oo limit, we re-
covered the following OPE of two conformally soft graviton primaries: H'=*(z, 2)H'7!(2,, z,)
of the 2D Celestial CFT [35]. This Celestial OPE was obtained in [35] by taking the confor-
mally soft limit of the OPE of two conformal primary gravitons with arbitrary (Celestial)
weights that was itself derived in [36] for the specific case of the bulk tree-level (linearized)
FEinstein gravity. On the contrary, the Carrollian derivation presented here needed no input
from the explicit theory of quantum gravity in the bulk AFS and hence, is purely holographic.

Performing the Carrollian conformal mode-expansion according to the decomposi-
tion (4.11) and (4.12) of each primary S;" with holomorphic weight h = %, we found,
using the OPE +— commutator map developed in [9], that the symmetry algebra mani-
fest in the CarrCFT OPEs (4.21) is the (wedge sub-algebra [39] of the) w4+ Kac-Moody
algebra, in perfect agreement with the conclusion reached in [41] in the context of 2D Ce-
lestial CF'T. Thus, the complete symmetry algebra at the level of the OPEs of a CarrCFT
containing the field S5 is the semi-direct product of the (chiral) Virasoro algebra and the
wedge sub-algebra of W14c0; the semi-direct product structure is given by (5.16) arising

from the TS} OPEs (5.13).

It is important to recall that we did not rely on a (Carrollian) perturbative analysis
to obtain the OPEs (under the assumptions mentioned in section 3.1 though) from which
the above symmetry algebra was derived. The starting point of the construction of these
OPEs rather was a (Carrollian) path-integral derivation of the CarrCFT EM tensor Ward
identities and, from there, the Ward identities of the universal generators SO+ , ST, T in [9].
We speculate if this implies, in the absence of the operators that modify the subsubleading
soft graviton theorem at the tree-level in the effective field theory [25], that the semi-direct
product of the (chiral) Virasoro algebra and the wedge sub-algebra of w14 is an exact
quantum symmetry of the positive-helicity sector of any gravity-theory in 1 4+ 3D bulk AFS,
just like the specific case of the quantum self-dual gravity [37].

In [64], it was shown that there is a discrete infinite family of 2D Celestial CF'Ts possessing
the (wedge sub-algebra of) w14 symmetry. Two known examples of such theories are the
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MHYV gravitons [30, 60] and the quantum self-dual gravity [37]. Since any 1+ 2D CarrCFT
containing the local field Sy will enjoy the above said symmetry at the level of the OPEs,
the conclusion of [64] suggests that there also exists an infinite number of 1 + 2D CarrCFT
of this type. It will be very interesting to construct such an explicit CarrCFT example.

Finally, we showed that the CarrCFT Ward identity of the field Sy with a special class
of primaries [7-9, 11] does indeed encode up to the subsubleading energetically soft graviton
theorem [13, 62]. Following this method, the infinite number of soft graviton theorems
of [42, 43] were then directly interpreted as the Ward identities of the members of the infinite
tower of Carrollian conformal primaries S,j .

In [9], it was found that the three universal CarrCFT generators S(J)r , 81, T inflict the
ten global ISL(2, C) Poincaré transformations on the quantum fields. Here, we showed that
5’; generates four additional global symmetry transformations that, unlike the Poincaré ones,
are non-local in time (but local in space). The Einstein-gravity analogue of this result is
described in [61]. We further clarified that the other primaries S;\- ; do not generate any further
independent global symmetries. Recalling that the global symmejcries constrain the correlators
of a theory and the CarrCFT correlators can be mapped to the bulk AFS null-momentum
space S-matrices [8], our results provided a Carrollian justification of the statement [35] that
the infinite number of soft graviton theorems of [42, 43] beyond the subsubleading order does
not impose any additional constraints on the bulk AFS mass-less S-matrices.

An obvious future direction that can be pursued following the methodology presented
in [9] and in this work would be to figure out how the soft theorems of the gauge theories [42,
43, 65] in the 1+ 3D bulk AFS and the tower of conformally soft gluons of 2D Celestial
CFT [35] can arise in the framework of 1 4 2D CarrCFT. By now it is apparent that some
additional Carrollian conformal field(s) besides the three universal generators Sy, Si", T must
be postulated to exist in the theory, the Ward identities of which would encode the soft
gluon theorems. Similar situations have been considered in [27] for 2D chiral CFTs and
n [28] for 1 + 1D CarrCFTs.

More important is to try to find a resolution to the problem of the double soft limits
of opposite helicities [29] within the CarrCFT framework. Extending the current work, one
needs to start by assuming the existence of an opposite-spin counterpart of Sy . But as
discussed in section 3, this field S5 can not be simultaneously treated as mutually local with
S¢S, Sy, T. The findings of the work [46] in the context of Celestial CFT are expected to
play a very crucial role in this endeavour. We hope to report on this in a very near future.

Acknowledgments

I would like to thank Shamik Banerjee for illuminating discussions on Celestial holography at
the beginning stage of this work, for a clarification on the work [64] and also for his valuable
comments on the manuscript. It is a pleasure to acknowledge the warm hospitality of the
National Institute of Science Education and Research (NISER), Jatni where this work was
started. I am also grateful to Raju Mandal for many helpful discussions on Celestial CF'T
during my stay at NISER. I am greatly indebted to Alok Laddha and Romain Ruzziconi for
emphasizing to me the correspondence between the large Carrollian time limit on the boundary

— 33 —



and the energetically soft limit in the bulk. Finally, I thank Arjun Bagchi for his continued
support. This work is financially supported by the PMRF fellowship, MHRD, India.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

2]

[15]

[16]

[17]

G. ’t Hooft, Dimensional reduction in quantum gravity, Conf. Proc. C' 930308 (1993) 284
[gr-qc/9310026] [INSPIRE].

L. Susskind, The world as a hologram, J. Math. Phys. 36 (1995) 6377 [hep-th/9409089]
[INSPIRE].

S. Pasterski, M. Pate and A.-M. Raclariu, Celestial Holography, in the proceedings of the
Snowmass 2021, Seattle, U.S.A., July 17-26 (2022) [arXiv:2111.11392] [InSPIRE].

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] [INnSPIRE].

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

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].

L. Donnay, A. Fiorucci, Y. Herfray and R. Ruzziconi, Carrollian Perspective on Celestial
Holography, Phys. Rev. Lett. 129 (2022) 071602 [arXiv:2202.04702] [INSPIRE].

L. Donnay, A. Fiorucci, Y. Herfray and R. Ruzziconi, Bridging Carrollian and celestial
holography, Phys. Rev. D 107 (2023) 126027 [arXiv:2212.12553] [INSPIRE].

A. Saha, Carrollian approach to 1 + 3D flat holography, JHEP 06 (2023) 051
[arXiv:2304.02696] [INSPIRE].

J. Salzer, An embedding space approach to Carrollian CFT correlators for flat space holography,
JHEP 10 (2023) 084 [arXiv:2304.08292] [INSPIRE].

K. Nguyen and P. West, Carrollian Conformal Fields and Flat Holography, Universe 9 (2023)
385 [arXiv:2305.02884] [INSPIRE].

S. Weinberg, Infrared photons and gravitons, Phys. Rev. 140 (1965) B516 [InSPIRE].

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

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

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].

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

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

— 34 —


https://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/gr-qc/9310026
https://inspirehep.net/literature/36137
https://doi.org/10.1063/1.531249
https://arxiv.org/abs/hep-th/9409089
https://inspirehep.net/literature/376940
https://arxiv.org/abs/2111.11392
https://inspirehep.net/literature/1973246
https://doi.org/10.1103/PhysRevD.96.065026
https://arxiv.org/abs/1701.00049
https://inspirehep.net/literature/1507492
https://doi.org/10.1103/PhysRevD.96.085006
https://arxiv.org/abs/1706.03917
https://inspirehep.net/literature/1604922
https://doi.org/10.1007/JHEP12(2016)147
https://arxiv.org/abs/1609.06203
https://inspirehep.net/literature/1487464
https://doi.org/10.1103/PhysRevLett.129.071602
https://arxiv.org/abs/2202.04702
https://inspirehep.net/literature/2030695
https://doi.org/10.1103/PhysRevD.107.126027
https://arxiv.org/abs/2212.12553
https://inspirehep.net/literature/2618247
https://doi.org/10.1007/JHEP06(2023)051
https://arxiv.org/abs/2304.02696
https://inspirehep.net/literature/2649619
https://doi.org/10.1007/JHEP10(2023)084
https://arxiv.org/abs/2304.08292
https://inspirehep.net/literature/2651864
https://doi.org/10.3390/universe9090385
https://doi.org/10.3390/universe9090385
https://arxiv.org/abs/2305.02884
https://inspirehep.net/literature/2656612
https://doi.org/10.1103/PhysRev.140.B516
https://inspirehep.net/literature/48759
https://arxiv.org/abs/1404.4091
https://inspirehep.net/literature/1291061
https://doi.org/10.1007/JHEP07(2014)152
https://arxiv.org/abs/1312.2229
https://inspirehep.net/literature/1268315
https://doi.org/10.1103/PhysRevLett.119.121601
https://doi.org/10.1103/PhysRevLett.119.121601
https://arxiv.org/abs/1609.00282
https://inspirehep.net/literature/1484832
https://doi.org/10.1098/rspa.1962.0161
https://inspirehep.net/literature/9161
https://doi.org/10.1098/rspa.1962.0206
https://inspirehep.net/literature/4914

[18] 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].

[19] 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].

[20] G. Barnich and C. Troessaert, Supertranslations call for superrotations, PoS CNCFG2010
(2010) 010 [arXiv:1102.4632] [INSPIRE].

[21] G. Barnich and C. Troessaert, BMS charge algebra, JHEP 12 (2011) 105 [arXiv:1106.0213]
[NSPIRE].

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

[23] C. Duval, G.W. Gibbons and P.A. Horvathy, Conformal Carroll groups and BMS symmetry,
Class. Quant. Grav. 31 (2014) 092001 [arXiv:1402.5894] [INSPIRE].

[24] C. Duval, G.W. Gibbons and P.A. Horvathy, Conformal Carroll groups, J. Phys. A 47 (2014)
335204 [arXiv:1403.4213] [INSPIRE].

[25] H. Elvang, C.R.T. Jones and S.G. Naculich, Soft Photon and Graviton Theorems in Effective
Field Theory, Phys. Rev. Lett. 118 (2017) 231601 [arXiv:1611.07534] InSPIRE].

[26] A. Laddha and A. Sen, Sub-subleading Soft Graviton Theorem in Generic Theories of Quantum
Gravity, JHEP 10 (2017) 065 [arXiv:1706.00759] [INSPIRE].

[27] A.B. Zamolodchikov, Infinite Additional Symmetries in Two-Dimensional Conformal Quantum
Field Theory, Theor. Math. Phys. 65 (1985) 1205 [INSPIRE].

[28] A. Bagchi et al., Non-Lorentzian Kac-Moody algebras, JHEP 03 (2023) 041 [arXiv:2301.04686]
[[INSPIRE].

[29] T. Klose et al., Double-Soft Limits of Gluons and Gravitons, JHEP 07 (2015) 135
[arXiv:1504.05558] [INSPIRE].

[30] 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].

[31] A.B. Zamolodchikov, Physics reviews. Vol. 10, Pt. 4: Conformal field theory and critical
phenomena in two-dimensional systems, [INSPIRE].

[32] A. Saha, Intrinsic approach to 1 + 1D Carrollian Conformal Field Theory, JHEP 12 (2022) 133
[arXiv:2207.11684] [NSPIRE].

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

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

[35] 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].

[36] 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].

[37] A. Ball, S.A. Narayanan, J. Salzer and A. Strominger, Perturbatively exact w1, asymptotic
symmetry of quantum self-dual gravity, JHEP 01 (2022) 114 [arXiv:2111.10392] [INSPIRE].

[38] B. Chen, R. Liu, H. Sun and Y.-F. Zheng, Constructing Carrollian field theories from null
reduction, JHEP 11 (2023) 170 [arXiv:2301.06011] [INSPIRE].

,35,


https://doi.org/10.1007/JHEP05(2015)151
https://arxiv.org/abs/1401.7026
https://inspirehep.net/literature/1279003
https://doi.org/10.1103/PhysRevLett.105.111103
https://arxiv.org/abs/0909.2617
https://inspirehep.net/literature/831162
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/literature/890547
https://doi.org/10.1007/JHEP12(2011)105
https://arxiv.org/abs/1106.0213
https://inspirehep.net/literature/902305
https://doi.org/10.1007/JHEP08(2014)058
https://arxiv.org/abs/1406.3312
https://inspirehep.net/literature/1300352
https://doi.org/10.1088/0264-9381/31/9/092001
https://arxiv.org/abs/1402.5894
https://inspirehep.net/literature/1282262
https://doi.org/10.1088/1751-8113/47/33/335204
https://doi.org/10.1088/1751-8113/47/33/335204
https://arxiv.org/abs/1403.4213
https://inspirehep.net/literature/1286153
https://doi.org/10.1103/PhysRevLett.118.231601
https://arxiv.org/abs/1611.07534
https://inspirehep.net/literature/1499906
https://doi.org/10.1007/JHEP10(2017)065
https://arxiv.org/abs/1706.00759
https://inspirehep.net/literature/1602474
https://doi.org/10.1007/BF01036128
https://inspirehep.net/literature/223601
https://doi.org/10.1007/JHEP03(2023)041
https://arxiv.org/abs/2301.04686
https://inspirehep.net/literature/2622618
https://doi.org/10.1007/JHEP07(2015)135
https://arxiv.org/abs/1504.05558
https://inspirehep.net/literature/1362527
https://doi.org/10.1007/JHEP02(2021)176
https://arxiv.org/abs/2008.04330
https://inspirehep.net/literature/1811123
https://inspirehep.net/literature/285599
https://doi.org/10.1007/JHEP12(2022)133
https://arxiv.org/abs/2207.11684
https://inspirehep.net/literature/2122469
https://doi.org/10.1007/JHEP01(2019)184
https://doi.org/10.1007/JHEP01(2019)184
https://arxiv.org/abs/1810.05219
https://inspirehep.net/literature/1698238
https://doi.org/10.1007/JHEP09(2020)130
https://arxiv.org/abs/1905.09799
https://inspirehep.net/literature/1736552
https://doi.org/10.1007/JHEP11(2021)152
https://arxiv.org/abs/2103.03961
https://inspirehep.net/literature/1850558
https://doi.org/10.1142/S0129055X21400031
https://arxiv.org/abs/1910.07424
https://inspirehep.net/literature/1759362
https://doi.org/10.1007/JHEP01(2022)114
https://arxiv.org/abs/2111.10392
https://inspirehep.net/literature/1973157
https://doi.org/10.1007/JHEP11(2023)170
https://arxiv.org/abs/2301.06011
https://inspirehep.net/literature/2623845

[39]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[53]

[54]

[55]

[56]

[57]

[58]

C.N. Pope, Lectures on W algebras and W gravity, in the proceedings of the Summer School in
High-energy Physics and Cosmology, Trieste, Italy, June 17 — August 09 (1991)
[hep-th/9112076] [INSPIRE].

I. Bakas, The Large n Limit of Extended Conformal Symmetries, Phys. Lett. B 228 (1989) 57
[INSPIRE].

A. Strominger, w14 Algebra and the Celestial Sphere: Infinite Towers of Soft Graviton, Photon,
and Gluon Symmetries, Phys. Rev. Lett. 127 (2021) 221601 [arXiv:2105.14346] [INSPIRE].

Y. Hamada and G. Shiu, Infinite Set of Soft Theorems in Gauge-Gravity Theories as
Ward-Takahashi Identities, Phys. Rev. Lett. 120 (2018) 201601 [arXiv:1801.05528] [INSPIRE].

Z.-7. Li, H.-H. Lin and S.-Q. Zhang, Infinite Soft Theorems from Gauge Symmetry, Phys. Rev. D
98 (2018) 045004 [arXiv:1802.03148] [INSPIRE].

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

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

S. Banerjee and S. Pasterski, Revisiting the shadow stress tensor in celestial CFT, JHEP 04
(2023) 118 [arXiv:2212.00257] INSPIRE].

C. Ttzykson and J.B. Zuber, Quantum Field Theory, McGraw-Hill (1980), ISBN
978-0-486-44568-7.

B. Chen, R. Liu and Y.-F. Zheng, On higher-dimensional Carrollian and Galilean conformal field
theories, SciPost Phys. 14 (2023) 088 [arXiv:2112.10514] [INSPIRE].

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

S. Pasterski, A. Strominger and A. Zhiboedov, New Gravitational Memories, JHEP 12 (2016)
053 [arXiv:1502.06120] [INSPIRE].

A. Strominger, Lectures on the Infrared Structure of Gravity and Gauge Theory,
arXiv:1703.05448 [INSPIRE].

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

X. Bekaert and B. Oblak, Massless scalars and higher-spin BMS in any dimension, JHEP 11
(2022) 022 [arXiv:2209.02253] [INSPIRE].

W.-B. Liu and J. Long, Symmetry group at future null infinity: Scalar theory, Phys. Rev. D 107
(2023) 126002 [arXiv:2210.00516] [INSPIRE].

A M. Polyakov, Quantum Gravity in Two-Dimensions, Mod. Phys. Lett. A 2 (1987) 893
[INSPIRE].

A. Fotopoulos, S. Stieberger, T.R. Taylor and B. Zhu, FExtended BMS Algebra of Celestial CFT,
JHEP 03 (2020) 130 [arXiv:1912.10973] [INSPIRE].

S. Banerjee, S. Ghosh and R. Gonzo, BMS symmetry of celestial OPE, JHEP 04 (2020) 130
[arXiv:2002.00975] [INSPIRE].

S. Banerjee, S. Ghosh and P. Paul, (Chiral) Virasoro invariance of the tree-level MHV graviton
scattering amplitudes, JHEP 09 (2022) 236 [arXiv:2108.04262] [INSPIRE].

— 36 —


https://arxiv.org/abs/hep-th/9112076
https://inspirehep.net/literature/321766
https://doi.org/10.1016/0370-2693(89)90525-X
https://inspirehep.net/literature/279457
https://doi.org/10.1103/PhysRevLett.127.221601
https://arxiv.org/abs/2105.14346
https://inspirehep.net/literature/1973774
https://doi.org/10.1103/PhysRevLett.120.201601
https://arxiv.org/abs/1801.05528
https://inspirehep.net/literature/1648611
https://doi.org/10.1103/PhysRevD.98.045004
https://doi.org/10.1103/PhysRevD.98.045004
https://arxiv.org/abs/1802.03148
https://inspirehep.net/literature/1654370
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/literature/1668848
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/literature/1597599
https://doi.org/10.1007/JHEP04(2023)118
https://doi.org/10.1007/JHEP04(2023)118
https://arxiv.org/abs/2212.00257
https://inspirehep.net/literature/2606537
https://doi.org/10.21468/SciPostPhys.14.5.088
https://arxiv.org/abs/2112.10514
https://inspirehep.net/literature/1994150
https://doi.org/10.1007/JHEP01(2016)086
https://arxiv.org/abs/1411.5745
https://inspirehep.net/literature/1329603
https://doi.org/10.1007/JHEP12(2016)053
https://doi.org/10.1007/JHEP12(2016)053
https://arxiv.org/abs/1502.06120
https://inspirehep.net/literature/1345805
https://arxiv.org/abs/1703.05448
https://inspirehep.net/literature/1517745
https://doi.org/10.1007/JHEP10(2019)167
https://arxiv.org/abs/1906.10149
https://inspirehep.net/literature/1741244
https://doi.org/10.1007/JHEP11(2022)022
https://doi.org/10.1007/JHEP11(2022)022
https://arxiv.org/abs/2209.02253
https://inspirehep.net/literature/2147202
https://doi.org/10.1103/PhysRevD.107.126002
https://doi.org/10.1103/PhysRevD.107.126002
https://arxiv.org/abs/2210.00516
https://inspirehep.net/literature/2159471
https://doi.org/10.1142/S0217732387001130
https://inspirehep.net/literature/251400
https://doi.org/10.1007/JHEP03(2020)130
https://arxiv.org/abs/1912.10973
https://inspirehep.net/literature/1772301
https://doi.org/10.1007/JHEP04(2020)130
https://arxiv.org/abs/2002.00975
https://inspirehep.net/literature/1778516
https://doi.org/10.1007/JHEP09(2022)236
https://arxiv.org/abs/2108.04262
https://inspirehep.net/literature/1903066

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

E. Himwich, M. Pate and K. Singh, Celestial operator product expansions and wy oo symmetry
for all spins, JHEP 01 (2022) 080 [arXiv:2108.07763] [INSPIRE].

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

L. Freidel, D. Pranzetti and A.-M. Raclariu, Sub-subleading soft graviton theorem from
asymptotic Einstein’s equations, JHEP 05 (2022) 186 [arXiv:2111.15607] [INSPIRE].

E. Conde and P. Mao, BMS Supertranslations and Not So Soft Gravitons, JHEP 05 (2017) 060
[arXiv:1612.08294] [INSPIRE].

L. Freidel, D. Pranzetti and A.-M. Raclariu, Higher spin dynamics in gravity and wl+oo
celestial symmetries, Phys. Rev. D 106 (2022) 086013 [arXiv:2112.15573] INSPIRE].

S. Banerjee, H. Kulkarni and P. Paul, An infinite family of wiyo invariant theories on the
celestial sphere, JHEP 05 (2023) 063 [arXiv:2301.13225] [INSPIRE].

M. Campiglia and A. Laddha, Asymptotic charges in massless QED revisited: A view from
Spatial Infinity, JHEP 05 (2019) 207 [arXiv:1810.04619] [INSPIRE].

L.P. de Gioia and A.-M. Raclariu, Celestial Sector in CEFT: Conformally Soft Symmetries,
arXiv:2303.10037 [INSPIRE].

— 37 —


https://doi.org/10.1007/JHEP01(2022)080
https://arxiv.org/abs/2108.07763
https://inspirehep.net/literature/1906452
https://doi.org/10.1007/JHEP08(2021)067
https://arxiv.org/abs/2104.02546
https://inspirehep.net/literature/1856371
https://doi.org/10.1007/JHEP05(2022)186
https://arxiv.org/abs/2111.15607
https://inspirehep.net/literature/1980798
https://doi.org/10.1007/JHEP05(2017)060
https://arxiv.org/abs/1612.08294
https://inspirehep.net/literature/1506447
https://doi.org/10.1103/PhysRevD.106.086013
https://arxiv.org/abs/2112.15573
https://inspirehep.net/literature/1998993
https://doi.org/10.1007/JHEP05(2023)063
https://arxiv.org/abs/2301.13225
https://inspirehep.net/literature/2628406
https://doi.org/10.1007/JHEP05(2019)207
https://arxiv.org/abs/1810.04619
https://inspirehep.net/literature/1697697
https://arxiv.org/abs/2303.10037
https://inspirehep.net/literature/2643827

	Introduction
	Review
	The fields S**(+-) (0)
	The fields S**(+-)(1)
	The fields T and bar(T)

	The Carrollian conformal field S**(+)(2)
	The OPEs of S**(+)(2) with the generators
	The S**(+)(2)S**(+)(2) OPE

	The tower of fields S**(+)(k)
	The field S**(+)(3)
	The fields S**(+)(k)
	The general S**(+)(k)S**(+)(l) OPE

	The symmetry algebra
	An infinity of soft theorems
	Discussion

