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1 Introduction

The basic observable of quantum gravity in asymptotically flat spacetimes is the S-matrix.
Celestial Holography purports a duality between gravitational scattering and a codimen-
sion two conformal field theory (CFT) living on the celestial sphere, where the bulk Lorentz
group induces global conformal transformations. When recast in a basis of boost eigen-
states, scattering amplitudes transform as conformal correlators of primary operators in
the dual celestial CFT.

From the CFT perspective 2D is special: the global conformal group gets enhanced
to local conformal symmetries. Remarkably, this infinite dimensional enhancement also
appears in the 4D S-matrix. Even more surprisingly, the symmetry structure is much
larger — every soft factorization theorem gives a dual ‘current’. In particular, in addition
to the enhancement of the 4D Lorentz group to local conformal transformations which
are dual to Virasoro superrotations, translations get enhanced to BMS supertranslations.
We thus expect the quantum gravity S-matrix to be highly constrained. Yet how all
these constraints are organized in the 2D CFT dual is still an open question. Of course,
the underlying motivation is that with a consistent 2D dual in hand, we hope to learn



something interesting about quantum gravity in the bulk. A tipping point in the celestial
holography paradigm will occur once an intrinsic description of celestial CFTs is achieved.

A first milestone is to find an intrinsic 2D CFT model of the spontaneous (asymptotic)
symmetry breaking dynamics which is captured by the so-called conformally soft sector. In
celestial CF'Ts the basic building blocks are conformal primary wavefunctions which have
definite conformal dimension A and spin J under the SL(2,C) Lorentz group. They serve
as the asymptotic states for celestial amplitudes and, for massless particles, can be written
in terms of a Mellin transform in the energy of the usual plane wave scattering basis.
These 4D wavefunctions define 2D primary operators in celestial CFT. While a J-function
normalizable basis of conformal primary wavefunctions is obtained [1] for A € 1 4 iR,
the conformally soft limit involves an analytic continuation [2, 3] to A € %Z. Primary
operators with conformally soft values of the dimension were shown to generate asymptotic
symmetries in gauge theory and gravity. For example, spin-1 primary operators with A = 1
generate a U(1) Kac-Moody symmetry [2], while BMS supertranslations and superrotations
are generated by spin-2 operators picked out by taking A = 1 and 0, respectively [2, 3].

With these ingredients in hand, certain elements of an intrinsic 2D description have
been explored. From the point of view of a hyperbolic foliation of Minkowski space [4], these
have a natural AdS3;/CFTy flavor [5]. The Kac-Moody symmetry associated to the leading
soft theorem in gauge theory has been shown to arise from a Chern-Simons theory [5].
Meanwhile, the sub-leading soft graviton can be described by an Alekseev-Shatashvili action
which governs the spontaneous breaking of Diff(5?) to Virasoro superrotations [6-8], giving
new insight into the extensions of the BMS group [9-11].

This structure should generalize to encompass all conformally soft theorems [12-18]
(which occur for | s]+1 distinct values of the conformal dimension whenever there is a mass-
less particle with bulk spin s). In [19], we showed that celestial CFT primaries and their
descendants organize into ‘celestial diamonds’ which capture the conformally soft physics.
The wavefunction based approach employed there exploited the power of the embedding
space formalism applied to 2D celestial CF'T. Here, we push these results forward from
statements about wavefunctions to statements about 2D (and 4D) operators. This lets us
appreciate the extrapolate dictionary in asymptotically flat spacetimes, understand that
soft charges are celestial primary descendants,! identify conformal dressings for celestial
amplitudes, and speculate about intrinsic 2D descriptions of celestial CF'T. This approach
merges and extends the soft charge analysis of [22, 23] and the leading conformally soft
Faddeev-Kulish dressings of [24]. For concreteness we focus on the leading and sub-leading
celestial diamonds in gauge theory and gravity.

Our main results are as follows. Formulating an extrapolate-style dictionary for celes-
tial CF'Ts, we find that states of definite (A, J) are prepared with bulk operators integrated
along light rays and pushed to the conformal boundary. For conformally soft values of the
dimension, these light ray integrals pick out soft charges for spontaneously broken asymp-
totic symmetries. Recasting them as celestial sphere integrals of conformally soft operators,
we see that the latter correspond to primary descendants residing at the bottom corners

IThis part is very much inspired by the interesting recent work of Banerjee et al. [20-23].



of celestial diamonds associated to electromagnetic and gravitational memory. Generalized
celestial currents living on the edge of celestial memory diamonds can be understood as
‘ascendants’ of these conformally soft charge operators. This includes the BMS supertrans-
lation current [25] whose operator product involves a shift A — A + 1 that presents one of
the more exotic features of celestial CFT [2].

Celestial diamonds for Goldstone operators provide conformal dressings for celestial
amplitudes. The leading Faddeev-Kulish dressings in gauge theory and gravity rendering
scattering amplitudes infrared finite were shown in [24] to be given by Goldstone boson
insertions in the conformal basis. In the language of celestial diamonds these correspond to
the operators at the top corners which are associated to generalized (s < |J|) rather than
radiative (s = £J) conformal primary wavefunctions. Here we extend this result to sub-
leading conformally soft dressings building on the results of [26]. In particular, we identify
the sub-leading conformally soft Faddeev-Kulish dressing in gravity as arising from the
operator at the top corner of the sub-leading graviton Goldstone diamond that descends
to the dual stress tensor of [27]. This operator, as well as the celestial stress tensor, give
rise to two point functions which can encode non-trivial central charges.

The operators at the top corners of celestial Goldstone and memory diamonds govern
the spontaneous symmetry breaking dynamics. This should be described by an intrinsically
2D effective theory. We propose a higher derivative Gaussian model that captures the free
limit of the aforementioned examples proposed in the literature. Our toy model repro-
duces several features of celestial diamonds, such as the shortening conditions of conformal
multiplets and the appearance of generalized celestial currents living at their edges.

This paper is organized as follows. We review the 4D bulk wavefunctions relevant for
2D celestial CF'T operators in section 2. In section 3 we show that conformally soft charges
at leading and sub-leading order in gauge theory and gravity correspond to conformal pri-
mary descendants at the bottom corners of the corresponding celestial memory diamonds.
We discuss how they are selected by light ray integrals of general bulk fields pushed to
the boundary. We then turn to the Goldstone diamonds in section 4, where we identify
the top corners with conformal Faddeev-Kulish dressings. In section 5, we combine these
ingredients to model the 2D effective theory.

2 From wavefunctions to operators

In section 2.1 we review the construction of conformal primary wavefunctions on R%? and
then use them to create local operators on the celestial sphere in section 2.2.

2.1 Bulk wavefunctions

Let us start with the definition of conformal primary wavefunctions. These are functions
of a bulk point X € R'3 and a boundary point (w,w) € C on the celestial sphere. We will
focus on massless fields here.

Definition. A conformal primary wavefunction is a function on R which transforms
under SL(2,C) as a 2D conformal primary of conformal dimension A and spin J, and a 4D



(spinor-) tensor field of spin-s, namely:

aw+b aw+b
cw+d cw+d

AJ (A“VX”; ) = (cw + d)> (e + d)* 7 Ds (M) B (XH;w, @), (2.1)
where Dg(A) is the 3+1D spin-s representation of the Lorentz algebra.

We call such a wavefunction a radiative conformal primary if s = |.J| and it satisfies the
linearized equations of motion. Meanwhile off-shell wavefunctions and those with |J| < s
go under the umbrella of generalized conformal primaries.

From planes waves to conformal primary wavefunctions. A point (w,w) on the
celestial sphere can be embedded into the null cone of R3 as follows

¢ =14 ww,w+w,i(w—w),l —ww). (2.2)

From this we obtain two natural polarization vectors \/56‘3) = 0O0pq" and \/ie’é = Ogq".
Massless spin-s particles are labeled by their null momentum four vectors k* = wgh(w, w)
and polarization. We can map these momentum eigenstates to boost eigenstates via a
Mellin transform. For a function f(w) the Mellin transform is defined by

MIA@) = [7 w1 fw) = 9(8), (2.3)

with the inverse transform given by

1 1 c+ioco _A
MTGlw) =5 | dAwe(A) = f(w), (2.4)
Tl Je—ioco
where, for our purposes, we can take the contour ¢ = 1 [11]. For a scalar plane wave, a
Mellin transform in the energy w takes us to

0 ; ra 1
/0 dww " LeFwaXe — (i(z)) (g X1)8' (2.5)

which has conformal dimension A and spin J = 0. Here X} = X* Fi¢(1,0,0,0) is a
regulator which makes this integral converge. We will suppress the & superscripts unless
necessary. Mellin transformed plane waves with s > 0 are obtained by multiplying (2.5)
with €, and 3. However, these are only gauge equivalent to conformal primaries (2.1).
To obtain wavepackets for spin-s particles that transform with definite (A, J) under an
SL(2,C) transformation we use the spacetime dependent polarization vectors

€w X €p - X

nwo__ m o
mt =¢€l, — q m' = e
w q_){ ? w

g 2.6
x4 (2.6)

which transform with conformal dimension A = 0 and spin J = +1.
The simplest .J = +s bosonic radiative conformal primary wavefunctions take the form

A
SA,—}—S = m#l e mM590 ’ (27)



and similarly for J = —s with m — m, where we have defined the scalar conformal primary
wavefunction without the normalization factor in (2.5) as

1

A+

ot = (2.8)
(—q- X4)2

Up to an overall normalization, these are gauge equivalent to Mellin representatives of the

corresponding plane wave solutions, and we note in passing that the spin-0, 1 and 2 cases

obey a classical Kerr-Schild double copy with m* and m* corresponding to the Kerr-Schild

vectors [3]. Under a shadow transform the wavefunctions in (2.7) get mapped to

(I)SA,J = (I)ng,fja (2.9)

where
SA,+S = (_1)5(_X2)A_1mm - ~mus‘;0A . (2.10)

As shown in [28], we can capture finite energy scattering states using (2.7) with conformal

dimensions on the principal series
A=14+1iA, AeR. (2.11)

An equivalent basis uses the same spectrum but takes a shadow transform of the reference
direction.

Goldstone and memory wavefunctions. Celestial amplitudes are obtained from or-
dinary amplitudes by Mellin transforming the energy of each external particle. They obey
universal factorization theorems, called conformally soft theorems, when one of the con-
formal dimensions is taken to special values of A € Z (for integer bulk spin). This requires
us to analytically continue our radiative wavefunctions to A € C. We will now catalog the
conformally soft modes used in this paper.

For J = +s = +1 the modes which pick out the leading and sub-leading conformally
soft theorems are given by

a 1 T 2 2
AT L = mup A%7+1W =my, Ag#l;u = X "mup”, (2.12)
while for J = 4+s = +2 they are
G 1 G 7a 2 2
h1,+2;,uu = mymye, h0,+2;,u1/ =My, h2,+2;uu =—X mymyp-, (213)

with similar expressions for J = —s with m — m. Here we have adopted the notation
of [19]: the label G denotes Goldstone modes of spontaneously broken asymptotic symme-
tries associated to the leading soft photon theorem and the leading and sub-leading soft
graviton theorem. Meanwhile, the sub-leading soft photon theorem arises from conformal
primaries which are not pure gauge. We denote these with the label g.

In [19] we showed that the radiative conformal primaries associated to non-trivial soft
theorems are connected by descendancy relations to non-radiative generalized conformal
primaries at the top and bottom corners. These are summarized for the spin-1 and spin-2
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Figure 1. Celestial diamonds for the conformally soft (a) photons and (b) gravitons.

cases in figure 1. The leading soft theorems are shown in red, the sub-leading ones in blue
and the subsub-leading ones in grey. For each diamond drawn in figure 1 there are actually
two copies corresponding to symplectically paired modes: one associated to conformal soft
theorems, the other to non-trivial memory effects. In particular, we have for J = +s = +1

2 A -2
Ag?"l‘li,u =Mue, g?—&-l;u =X my, (214)
while for J = +s = +2 they are
h12v7[+2§lw - ml‘ml’802 ) EI(;/,[+2;;W = _X_2m,um1/ . (215)

The case A = 1 is more subtle as the radiative wavefunction and its shadow degener-
ate [2]. The symplectic partners of the A = 1 Goldstone modes in (2.12) and (2.13) were
constructed in [2] via a special limiting procedure to produce non-trivial memory effects.
They are given by the A = 1 conformally soft photon and graviton wavefunctions

CS _ CS CS _ CS
Al,—l—l;,u = mue ’ h1,+2;;w = mymye ) (216)

and similarly for J — —J and m +— m where, as in [3], we have defined the A = 1
conformally soft scalar wavefunction

oS = [6(X?) +log(X?)(q - X)3(g- X)| ' = ™ + ™", (2.17)

The CS’ wavefunctions with gpcsl = O(X?)p! describe solutions that are glued across
the lightcone (and will reappear in section 4) while the CS” wavefunctions with " =
log(X?)d(q - X) correspond to shockwave solutions [3].

2.2 Boundary operators

Given a 4D bulk operator O(X*) of spin-s in the Heisenberg picture, we can define a 2D
operator in the celestial CFT by [11]

O3 (w, @) = i(0°(X*), D _ 5 (X5 w, ), (2.18)

where the + on the operator indicates whether it corresponds to an in or an out state and
this formula uses standard inner products (.,.) computed on a Cauchy slice in the bulk.



Operators in the bulk. A natural inner product between complex spin-1 wavefunctions
is given by

(A, Ay, / dsf |AVF',, — A™F, | (2.19)

and between complex spin-2 wavefunctions by (see e.g. [29-32])

Ny = —i / A0 [ g — 2 5, RS, — B 4 By TR — (s )]

(2.20)

where ¥ is a Cauchy surface in the bulk, h = h% vanishes for radiative wavefunctions

due to the tracelessness condition, and we make note of the complex conjugation in the

definition. These will be used within (2.18). If we want to express the operators (2.18)

in terms of the standard creation and annihilation operators, we will also need the mode
expansion of the bulk field operators. In the momentum basis, we have

- Pk 1 kX |t —ikX
AM(X) = 6/(27{')32]{;0 |:aue +aﬂe jl 5 (221)
for spin-1 and
) B 1 " i
h’l,LV(X) = K// Wﬁ [auye k-X + a,Llle k X:| s (222)

for spin-2, where k = v/32n(G. Here we have defined

a, = Z efj*aa, auy = Z ez‘;’jaa, (2.23)
act act
where €5 = € €}, with a = w(w) corresponding to helicity a = +(—). We have left

the spin s of the mode operators implicit since no confusion should arise. We can go from
energies to conformal dimensions with a Mellin transform?

an +s(w / dww™ Yay (w, w,w), aA?S / dww®al (w, w, @),

and back again to the momentum basis with an inverse Mellin transform

1 14400 1 1+i00
s (W) = — /1 (—idA)wBap s, al(w) = — /1 (—idA)w2aly L. (2.25)

27 J1—ioco 21 J1—ico

Here and in what follows we label both the creation and annihilation Mellin operators with
the A and J of the corresponding state on the celestial sphere, i.e. by aTA 7 we will mean
(ah) A,J versus (aa, 7). This matches the helicity after crossing to an all-out configuration.

2Recall that k* = wg”. In order to go from round Bondi coordinates to a flat celestial sphere the
parameter we Mellin transform is not the energy but rather w = ko/(l + ww) [2]. To compare to standard
expressions [33] one should keep in mind that we mean a+(F = w(1 + ww); w, w).



Operators at the boundary. The 2D operators (’)Zf](w,u_;) defined in (2.18) live on
the celestial sphere at the conformal boundary of Minkowski spacetime. At future null
infinity Z* we use retarded Bondi coordinates (u, 7, z, Z) which are related to the Cartesian
coordinates X* by the transformation

1

X0 — Xi— rXi(s 3. Xi(s 3) =
utr, rX(22), X(25) =

(z+2z,—i(z—2),1 —22), (2.26)

which maps the Minkowski line element to

2

ds® = —du® — 2dudr + 2r27zgdzd2 with v,z = m .

(2.27)
One reaches future null infinity by holding (u, z, z) fixed and going to large r. At ZT we
evaluate the free field mode expansions (2.21)—(2.22) in a large r saddle point approximation
that identifies the point (w, w) on the celestial sphere with the position (z, Z) towards which
a photon or graviton is headed. The Z* operators creating and annihilating these photons
and gravitons are given by

A, = \/iz;y /0 dw [a+(w,z,2)6_iw(1+25)“ — aT,(%ZaZ)@iw(Hzg)u} ; (2.28)
and
N K 1 e -\ —iw 2Z)u =\ ,iw 2Z)u
O = R 22 /o dw [ay (w, 2, 2)e W02 ol (o, 2, 5)ei1+290] | (2.2)

where C,, = rli_)rgo %hzz. Meanwhile flg and égg are given by the opposite helicity expres-
sions.

Starting from the definition of 2D operators (2.18) via the inner products (2.19)—(2.20)
pushed to null infinity and the conformal primary wavefunctions of section 2.1, we can now
construct the conformally soft operators at the bottom and top corners of the celestial
diamonds that give rise to soft charges in section 3 and conformal dressings in section 4.

Extrapolate-style dictionary. We close this section by writing out an extrapolate-like
dictionary for the external states in celestial CFT. The dual to celestial CFT correlators
is the S-matrix. Equations (2.28) and (2.29) point to an alternative to the LSZ formalism
to extract massless S-matrix elements. Namely, we can prepare the in and out states by
integrating the gauge field or metric along a light ray at future or past null infinity.

This is illustrated in figure 2 (recall the antipodal map across i® [34]). For example,
the standard momentum eigenstate out state of a positive helicity photon is prepared via

— i iw(l4+22)u A

(p, +| rlggo/due (0| A, (2.30)

where p, = wgq,(z,%). Let us now define their conformal primary analogs. Using the

following relations
/OO duu—A /oo dw {aiefiw(lJrzE)u _ CLT eiw(1+z2)u} _ 27T(1 + ZE)A_I an (2 31)
M ¥ (+)AT(A) "= ‘
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Figure 2. The (’)X ;(w,w) correspond to light ray integrals of operator insertions at TI*. For fixed
(w,w) this is illustrated by the antipodally placed blue (past) and red (future) contours.

and

0 3 9] » _ . = 27T(1+Z§)A_1
A w 2Z)u iw 2Z)u
[m duu_ /0 dw [aie (I422)u _ aJ:fFe (1+22) ] NSV aTAis, (2.32)

we see that states of definite conformal dimension are prepared with operators integrated

along a light ray of the form

_ ~ _ 1 ~
(9271 o Tli)rgo/duulAAz(u,r,z,E), (922 o lim f/duujrAhzz(u,r,z,Z), (2.33)

r—0oo 7

for the + helicity modes, and similarly with the z component for the — helicity modes.
With an appropriate analytic continuation off the real manifold, we see that light ray
operators at future (past) null infinity create the out (in) states from the vacuum. Namely
the analog of (2.30) for a positive helicity outgoing Mellin mode is

(A2, 2,4+ = rli_}I{.lo/duu;A@\Az(u,r,z,é). (2.34)

Correlation functions of the operators (2.33) thus give us S-matrix elements in the confor-
mal basis for any massless theory.

3 Soft charges in celestial diamonds

The soft charge corresponding to a given asymptotic symmetry transformation in 4D can
be written as an integral over the celestial sphere?

QP = / &z ((2,7) - O (2, 7), (3.1)

where ¢ is the symmetry transformation parameter. We are now going to identify O for
the soft charges of asymptotic symmetries in gauge theory and gravity. We will see that

3This is following the setup of [21-23] where, starting from the Lorentz representation of the field
operators in the free theory, they determine the conformal dimension of the charge.



QZ‘)“ s=1 5=2

leading e% [d%z\/y 5fdu3uDB/AlB —% fdQZ\ﬁffduauDADBéAB

sub-leading | —% [ d?z\/y y* [ duud,D?A* +2 [d*zq Y? [ duud,D3C*

+y7 [ duud, D2A? + Y7 [ duud, D3C?

Table 1. Soft charge operators for ¢ = {¢, f,y4, Y4} where A = {z, z}.

they take the form [22, 23] of primary descendants of the conformally soft radiative fields,
i.e. lie at the bottom corners of the corresponding celestial photon and graviton diamonds.*

Recall the Ward identities for these asymptotic symmetries are equivalent to soft the-
orems [34].° The goal of [2, 11] was to show that the charges as defined in (2.18) match
ordinary momentum space soft charges summarized in table 1. We can see this as follows.
The soft charges QEO& expressed as a celestial sphere integral in (3.1) correspond to the
inner products (2.19)—(2.20) with ¥ pushed to Z* where A and h are replaced with the field
operators (2.28) and (2.29) while A" and b’ are the Goldstone modes of the spontaneously
broken asymptotic symmetries. The large-r behavior of these AS/8 and hG modes take the
form D,e and D?y? in gauge theory and to D? f and D2Y* in gravity. This indeed matches

the expressions for the soft charges summarized in table 1, where we used integration by
parts on the celestial sphere to write them in the form (3.1).

3.1 Soft operators

The operators O%°f read off by comparing table 1 to (3.1) involve wu-integral of the cor-
responding bulk fields.® We will now determine their quantum numbers (A,.J) under
SL(2,C). To do so we use the inverse Mellin transform (2.25) to express the creation and
annihilation operators in (2.28) and (2.29) in terms of aJrA 14(2,2) and ana +4(2,2) and note
that the w-integrals take form 7

/ dww! = Betw22)us — (A2 — A)uf2(1 + 22)2 72, (3.3)
0

where we analytically continue v — w4 = u=£ie to guarantee convergence. The u-integrals
in the soft charges QEO& in table 1 can then be computed” using the generalized distribu-

4In gravity, the descendants of the radiative modes that appear in O%°% are related via the constraint
equation to the Bondi mass aspect mp and the angular momentum aspect N, which are therefore associated
to the bottom corners of the memory diamonds. The values of A we find for the @*°®* are consistent with
those for the ‘super-momentum’ and ‘super-angular momentum’ of [35].
5For the proofs that the momentum space soft theorems give Ward identities for the bulk asymptotic
symmetries see [36-39].
6Using
“+oo “+oo +oo
/ duu' "8, f(u) = (A — 1)/ duu™ f(u) +/ dudy [u' 2 f(u)] | (3.2)
— 00 — 00 — 00
we see that, up to a boundary term, the soft charges can be written in the form (2.33).
"Note that the =+ie regulator picks out a phase e*™ when performing the u-integrals.

~10 -



(A, J) s=1 |s=2

leading (2,0) (3,0)

sub-leading | (2,%1) | (3,+£1)

Table 2. (A, J) of the soft operators O%f defined in table 1.

tion [11] .
/ dun™~" = 278(iA) . (3.4)
0

This yields for the annihilation operators

o0 +o00 ) B
/ dwway (w, 2, 2) / du e~ w(1+22)u-
O - (3.5)
(—=i)"m Alim (A—1+ n)aA,j:s(Z, Z)(1+ 22)_1_" :

—1-n

and for the creation operators

400
/ dwwa:F(w z z)/ du u” +iw(1+22)ut
N (3.6)
= (+4)"7r lim (A—-1+ n)aTA,is(z’ Z)(1+ 22)_1_"_

A—l-n
The leading and sub-leading soft charges correspond to n = 0 and n = 1 respectively.
To identify the conformal dimension A and spin J of the operators @ we note that
the D,, D5 derivatives on the round Bondi sphere turn into the 0,, 05 derivatives on the
flat celestial sphere (which we have been using throughout this paper recalling that the
reference direction is now (z, z)).® We thus see that the leading O*°* descend from operators
with A = 1 while the sub-leading O*f" descend from operators which have A = 0. The
dimensions of these descendants are summarized in table 2. Using the primary descendant

oft

classification of [19], the explicit expressions for O%' in gauge theory and gravity are as

follows.

Leading soft photon. The soft operator is a type Il primary descendant operator at
level 1

SO 1
05 = V2dre ilgﬁ(A -D [az(aAvH + aTA,+1) + 0:(an,—1 + aTA,—l)] - (3.7)

We notice the helicity degeneracy of the leading soft photon theorem, with the two terms
related by a shadow transform.

Sub-leading soft photon. The type III primary descendant operator at level 2

soft __ 2 T
O3ty = — 5 Jim AL +22) 7 [#oa, 1 —ab )] (38)

is the soft operator for the sub-leading conformally soft photon theorem. Similar expres-
sions hold for the opposite 2D spin.

8Recall that for any rank (m,0) tensor g.,...,, we have DTg.,. ... = Y2(7*%02)"gzy...2,- Meanwhile

)
for any function g we have 75 (v7%9:)™ (1 + 22)' ""g(z, 2) = (1 + 22)' " "0%2g(z, 2).

- 11 -



Leading soft graviton. The soft operator is a type II primary descendant operator at
level 2

1 _
O3 = - Jim (A = 1)(1 4 22) |92(an 2+ ah o) + O2(an 2 +ah )| . (39)

The two terms are related by a shadow transform and display the helicity degeneracy of
the leading soft graviton theorem.

Sub-leading soft graviton. The type II primary descendant operator

soft __ i : 3 T
O3ty = —— lim A[3(aa 2 —a} )] , (3.10)
is the soft operator for the sub-leading conformally soft graviton theorem. We will see below
that it corresponds to a level 3 descendant of the A = 0 shadow stress tensor or a level 1
descendant of the A = 2 stress tensor. Similar expressions hold for the opposite 2D spin.

3.2 Memory diamonds

We have just seen that the soft charges Q?’ft can be written as a convolution of operators
with definite (A, J). From [2, 40-42] we also know that particular choices of the parame-
ters ( in table 1 yield currents in the celestial CFT. We will now show how this works for
the examples considered in [2] and [11], which encompass all non-degenerate celestial dia-
monds for spin-1 and spin-2. Without loss of generality we will focus on J = +s radiative
primaries, while similar expressions are obtained for J — —J and w — w.

Leading conformally soft photon. The conformally soft photon current 7, was de-

fined in [2] as the mode of the bulk field operator A that is extracted from its inner
products (2.18) with the spin-1 Goldstone wavefunction

i, A
Tw = 67(A,A§,1). (3.11)
It generates a large U(1) Kac-Moody symmetry
(T Ap) = iAS 1, = iV A 41, (3.12)

where Ay ;1 is the potential. At null infinity

1
so that we can express the 2D operator (3.11) as
T = / 22, O (3.14)

- 12 —



The current 7, is associated with the right corner of the spin-1 memory diamond as shown
in the following diagram

J
T = 05T T = 0T (3.15)
BOSY!
where 3 = —v/27, and the soft operator lies at the bottom corner. We can further write
TJw = 00T , (3.16)

where J is a conformally soft photon operator at the top of the memory diamond that can
be expressed in terms of a J = 0 pure gauge generalized conformal primary vector with
A=0 .
v~ gen,G
J = e—Q(A, A50 ) (3.17)

where the generalized primary Ay = o "AP | was studied in [19].

Leading conformally soft graviton. The BMS supertranslation current P, =
4D Ny was defined in [2] as the descendant of the mode of the bulk field operators
h that is extracted from its inner products (2.18) with the spin-2 Goldstone wavefunction

e
Now = —?(h, hi_s). (3.18)
The operator Ny, generates a BMS supertranslation symmetry
N, hyw] = ih§ 9., = (Vi v + Vit go) = iV VAl 42, (3.19)
where &1 y2., is the supertranslation vector field. At null infinity

2(z —w)(1+ 22)

1
;ALJFQ = = *waw, (320)

so that we can express the 2D operator (3.18) as

N = / 022 funs OFL (3.21)

The soft operator lies at the bottom of the leading soft graviton memory diamond, conve-
niently captured by the following diagram

N

Now = 22N Now = 22N (3.22)

~13 -



where f = =% (1 + ww)~ L. Here N is a conformally soft graviton operator at the top
of the memory diamond, naturally expressed in terms of a J = 0 pure gauge generalized
conformal primary metric with A = —1

N=-— (h RS (3.23)

where the generalized primary h®}' =219 *h§ _, was studied in [19].

Sub-leading conformally soft graviton. In celestial CF'T, the stress tensor Ty, is
extracted from the inner product (2.18) with the A = 2 Goldstone wavefunction [11]

i A~
7;w::-—;§(h,h§_2). (3.24)
It generates a Virasoro superrotation symmetry

(Tarws hyw) = ihS 0. = 1 (Vubo 120 + Vo ia,) (3.25)

where &> 12 is the superrotation vector field. Similarly, the shadow stress tensor ﬁw is
extracted from the inner product (2.18) with the A = 0 Goldstone wavefunction [11]

~ i .
Taow = =5 (h, his4) - (3.26)

It generates a Diff(S?) superrotation symmetry

(Taw: hyw) = ihG g, = 1 (Vubo—20 + Vibo—2,) (3.27)

where &y _o is the shadow superrotation vector field. In harmonic gauge, diffeomorphisms
of the celestial sphere are generated by [11]

2
&y = uady, — <ozr+u <l; +2> a) Or + (YA+ u((D2+1)YA—2DAa)> oa+...,

2r
(3.28)
where Y4 = Y4(z,%) is an arbitrary vector field on the sphere and we introduced
a = %DCYC. Since Y4 has two independent components, we expect two linearly

independent Ward identities for the two polarizations. As in [39], we will look at the
complexification. At null infinity, &2 12 and £y 2 are determined by the vector fields yA
and Yz,

o, Tespectively, where

. 1 . (z-w)?
wa - wa ( ’U_])

G0 (3.29)

while Y2, = 0 = YzZ;. The 2D operators (3.24) and (3.26) can then be expressed as

Tow= [ #Y5,080,  Tan= [ d¥5,080, (3.30)
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This soft operator lies at the bottom of the sub-leading soft graviton memory diamond,
conveniently captured by the following diagram

Tw

(3.31)
Tow = —505T"

f
FORt,

with 8 = —% along with its opposite helicity counterpart. Here we have used [19] to write
the stress tensor and its shadow as descendants. The operator TY is a generalized primary
operator with conformal dimension A = —1 and spin J = —1 that can be defined directly
via (2.18) as

i n,G
where the generalized primary h* 1n 1= —3!053715;’,2 =0, 1h8 4o was studied in [19].

3.3 Descents and ascents in the diamond

The 2D operators Ju, Nuw, Toww and Tpe defined in equations (3.11), (3.18), (3.24)
and (3.26), respectively, have been shown in [2, 11] to match the soft charges appearing in
table 1. Moreover, in [11] the debate about the asymptotic symmetry groups of Einstein
gravity at null infinity involving Diff(.5?) versus Virasoro was cast into the language of ce-
lestial CF'T where their generators are related by the 2D shadow transform. This relation
is naturally built into celestial diamonds. We will now show that these diamonds also offer
a new take on the special symmetry transformation parameters {€y, fuw, Vi You Picked
out by the conformal basis.

Above we discussed how soft charges of spontaneously broken asymptotic symmetries
are convolutions of descendants of radiative fields. The expressions for the leading soft
photon (3.14)

_ 1 2 1 : _ T T
To=—5— / Az gy fm (A=) [0:(an 1+l ) +0:(aa 1 +ah )] (3.33)

the leading soft graviton (3.21)

1 z
Noww = ~30mn /szz — ilgll(A —1) {8 (ap 42 + a,JrA o)t dZ(an o+ aTA 2)} , (3.34)

and the sub-leading soft graviton (3.30)

_ 0 2 3 ot
%w_24wn/dzz—wilglA{8 (aA —27 A, 2)}

—w)
87m/d2 E— lim A{&B(aA g—aTA 2)}

w A—0

(3.35)
Ta

g
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hint that special convolutions take us back up to radiative primary operators. This gives
YZs): they are Green’s
functions that invert the descendants appearing in the soft charges. This can be seen from®

us an interesting interpretation for the parameters {e, fuw, Yiiw,

_ ) —1)k (w0 — @' )k-1 _
OFd(w, w) = (/dZw’q) w',w' 3.37
i @ (w.0) 2r(k — 1)! w — w ( ) (3:37)
and similarly for 9,%. The meromorphic vector field Y;?, and the special Diff(5?) vector
field YZ; of [9, 11] invert the descendant in the definition of the sub-leading soft charge, i.e.
lift the bottom corner of the diamond up to the stress tensor and its shadow, respectively.
Namely, we have

Vi, =07, Yi =073, (3.38)

and by symmetry in z <> w, we also have
Yiw =05 Yig=0,". (3.39)

The relation (3.38) is the one relevant to the superrotation charge (3.35), while the de-
scendancy relations (3.39) ensure consistency between our expressions for 7, and '7~I,—Ju—, in
terms of 7%. Similar Green’s functions appear for the other soft theorems. As seen in
section 3.1, the special symmetry parameters {€., fuw, Yo, Yen ) have precisely the right
factors of (1 4 zz) to guarantee that this integral kernel matches the appropriate uplifting
Green’s function.

Note that the memory effects [43, 44] are defined up to a kernel for the global sym-
metries [19]. This describes an ambiguity in the corresponding Green’s functions lifting us
from the bottom to the left and right corners of the celestial diamonds. This ambiguity also
applies when the corresponding Green’s functions are used to go from the left and right
corners to the top of the diamond. We leave to future work the question of whether or not
to include the modes {J N, T4}, appearing at the top of the memory diamonds, in the

phase space.'® We will turn to their analogs in the Goldstone diamonds in the next section.

3.4 Generalized celestial currents

Now that we have discussed the corners of the diamond, let us point out that certain
operators which belong to the edges are also relevant to the celestial CFT literature. As
mentioned above, within S-matrix elements the soft operators at the bottom of the mem-
ory diamonds reduce to contact terms. This arises from the fact that memory effects are

9This follows from the relation

—/ —\E—1 k
@ —w) (=D & @)

a@,m =2n(k — 1)!T8w/6 (w —w), (3.36)
with 8.1 = 276 (2) and for k = 0, and similarly for its complex conjugate, which was used in [19] to
prove the shadow relation in the celestial diamond.

10WWhen we formally invert the descendancy relations with these Green’s functions, we smear any contact
term violations or sources. This explains why the gauge fixings can be expected to be more relaxed for the

top corners.
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determined by the constraint equations and the matter distributions in perturbative S-
matrix elements are localized to isolated points on the celestial sphere. The associated soft
charges were expressed above as integrals over the full celestial sphere. However, the origi-
nal motivation for celestial CFT arose from an isomorphism between Ward identities for the
asymptotic symmetries in 4D and ones for holomorphic currents in 2D, and so one would
like to use codimension one charges to describe the symmetry enhancements. Indeed, this
would seem essential to any applications of radial quantization techniques to celestial CF'Ts.

We have already encountered bona fide holomorphic currents for the leading soft gauge
boson [40] and shadow transformed sub-leading soft graviton [39, 42], namely the soft
photon current 7, and the stress tensor 7,,.,. In addition, two instances of exotic ‘currents’
have been proposed: the supertranslation current [25] associated to the leading soft graviton
and a sub-leading soft photon current [41]. In our language these are just descendants of
the primary operators at the left and right corners of the diamonds. Indeed in [2] it
was observed that the supertranslation current can be written as the level-1 descendant
Pw = 895Ny of the operator associated to the A = 1 radiative spin-2 primary. Similarly,
the sub-leading soft photon current can be expressed as the level-1 descendant of the
operator associated to the A = 0 radiative spin-1 primary; this descendent thus lies halfway
between the radiative A = 0 primary and its type III primary descendant given by the
radiative A = 2 shadow primary.

The list of such celestial currents does not stop there. In fact, for any spin-s celestial
memory diamond we can define the associated celestial current as the level-1 ‘ascendant’
of the soft charge operator, i.e. currents j and j such that

Opj = OXY and  9,j = OX™. (3.40)

Note that the data in these ‘currents’ is of course already contained in their primary
parents at the left or right corners of the diamonds. However j and j have the nice
property of satisfying a canonical ‘first order conservation equations’ instead of the ‘higher

11 of the left and right corner operators. The first is

derivative conservation equations
holomorphic away from sources, the second anti-holomorphic. We can then define Laurent

mode operators

1
- 2mi

Qn ?{dwwA_H"j(w), Jj(w) = Z w"AQ,. (3.41)

nez
Because the soft operators are contact terms in celestial amplitudes, we expect that the
Q) can be interpreted as charges and that the hard operators are charged.
From figure 9 of [19]2? it follows that these operators have scaling dimension A = s.
Moreover there are 2s such j’s and 2s such j’s. For example, the sub-leading soft graviton
diamond tells us that the stress tensor Ty = —505 103?21 is joined by the A = 2 celestial

"These already appeared in several contexts, see e.g. [45, 46] and references therein.

12We note that for the finite dimensional multiplets discussed in section 4.1 of [19], there are a series
of (anti-)holomorphic operators, corresponding to the states in the multiplet with largest A for fixed J.
As illustrated in figure 4 of that reference, these each have a level-1 descendant which vanishes. Since the
descendants vanish, the corresponding Ward identities would have no source terms.
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current 71(91;1(’)3?5:1 = %83}7},@ which is a descendant but not a primary, similarly to the

supertranslation current. We get the following OPE for the Mellin operators of [47]

. _ _ 2
ilino A630A7_2(w, w)(’)Aij (wj, wj) ~ o — U_)j 8ijAj7Jj . (3.42)

4 Conformal dressings in celestial diamonds

Conformal Faddeev-Kulish dressings which render amplitudes infrared finite were found
in [24] to be given by Goldstone boson insertions. As we will show, the latter naturally arise
from the generalized conformal primaries forming the top corners of our celestial diamonds.
While [24] focused on dressings related to the leading conformally soft photon and graviton
theorems, here we identify the sub-leading conformal Faddeev-Kulish dressings in gauge
theory and gravity.

4.1 Conformally soft modes

Leading conformally soft modes. The conformally soft photon and BMS supertrans-
lation currents generate but are invariant under large gauge transformations. We can also
define 2D operators that shift. These Goldstone currents are extracted from the inner
product of the bulk field operators A and h with the conformally soft photon and graviton
wavefunctions'? [2, 24]

VAN

Sy = (A, A5%), Cow= —5(h, h$S,), (4.1)

i
a 221
and analogous expressions for Sg and Cgg. These 2D operators are associated with the
left and right corners of the celestial Goldstone diamonds for the leading soft photon and
graviton:

OwO0pS
1921
510 3102C
The top corners of these diamonds are associated to the Goldstone bosons S and C which
are obtained from an inner product with the non-gauge J = 0 generalized primary vector
and metric from which the CS’ wavefunctions of spin-1 and spin-2 descend:

i
o

( 2 Agen,CS') G

> en,CS’
0,0 (h7 hg—170 ) ) (43)

1
2271

13With our choice of normalization for the conformal primaries (2.12)-(2.13) and (2.16)—(2.17) we have
i(AS A%) = i(h®S hC) = (21)26P) (w — ).
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where A§y O = o 1Ag§/1 and &% ’OCS/ = 2!852h?,s,/2 were defined in [19]. The Goldstone
currents (4.1) are their type I primary descendants as illustrated in the diagram above.

The Goldstone bosons S and C turn out to select conformal dressings for amplitudes [24]
as we will review below. We can thus understand conformal dressings as arising from the
top corners of the celestial photon and graviton diamonds.

Sub-leading conformally soft modes. Conformally soft theorems exist beyond leading
order and we can use the corresponding M and m wavefunctions to define 2D operators
analogous to the Goldstone currents (4.1) which are relevant for sub-leading conformal
dressings.

Indeed, besides the spin-2 wavefunction with A = 2 which corresponds to (Virasoro)
superrotations and gives rise to the celestial stress tensor, there is another spin-2 conformal
primary wavefunctions with A = 2 that is not pure gauge. In [27] its inner product with
the bulk field operator h was defined as a ‘dual stress tensor’

i -
Vurr = =5 (h, hy,), (4.4)

with an analogous expression for Vgg. These 2D operators are associated with the left and
right corners of the Goldstone diamonds associated to the sub-leading soft graviton:

yw

—0g V"
(4.5)

Yww = %35’,3}“’
— 30305 9"

The top corners of the diamond containing (4.4) is associated with the superrotation Gold-
stone mode operator [48] Y™ obtained from the J = —1 generalized primary metric with
A = —1, namely

7

w 7 en, M
Yy 5 (h, R¥0) (4.6)

where h&° ) ﬂ = 3!853h12v7[_2 was defined in [19]. Meanwhile the other diamond is associated
with Y. The dual stress tensor (4.4) is a type I primary descendant of (4.6) as shown in
the diagram.

We can consider analogous statements for the sub-leading soft theorem in gauge theory
arising from the spin-1 wavefunctions with A = 2. The electromagnetic analogue of (4.4)
is the 2D operator

i

2271

and an analogous expression for {5. Since the celestial diamonds associated to the sub-

tw = — (A, A% ), (4.7)

leading soft photon are degenerate with zero area all corners are described by radiative
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spin-1 conformal primary wavefunctions:

.’.w
(4.8)

Tuw

The above A = 2 primary descends from a A = 0 primary, which is also its shadow
transform. This parent corresponds to the 2D operator
w_ ' (A gm 4.9
T 2\/57_‘_( ) 0,+1) . ( )
Again, an analogous expression exists for 1. We thus see that all of these operators are
already in the spectrum of the theory and (4.7) is the type III primary descendant of (4.9)
with

1
fw = = 5; 001" (4.10)

as shown in the diagram.

In the following we will show that Y and % select sub-leading conformal dressings for
amplitudes which thus assigns physical significance to the top corners of celestial Goldstone
diamonds.

4.2 Conformally soft dressings

The Faddeev-Kulish dressings for QED and gravity were constructed in [26] up to sub-
leading order in the soft expansion and to leading order in the coupling constants e and
k as linearized coherent states that respect charge conservation. For a single (charged)
particle j we have the QED dressing

We,j[¢e] = exp {e / ((Zijrl;‘ %’é? p?fk (P} = ik 1) @ = (B + ik, T ) } , (4.11)

and the gravitational dressing

i

B K d3k ¢9<E) p; v . pv v ; vy ot
Wa.sltel = eXp{ N 5/ @2r) 2k0 p; -k (95 = i7" ) ayw = (9 + ik, }") ) }
(4.12)

where ¢.(k) and ¢¢(k) are arbitrary functions obeying ¢¢(0) = 1 = ¢¢(0). Here Qj is
the charge of the j-th particle while p; and JJHV = z'(péfapjy — P40y,
and angular momentum which we parametrize such that p; - k = —2wn;w;|w — w;|? where

) are its momentum

n; = =1 for outgoing (incoming) particles. The dressed asymptotic states for QED and
gravity are then given by

We jloellpj, @), Wajlocllp)) - (4.13)

14The leading terms arise from the eikonal limit and exponentiate the soft exchanges. Meanwhile, the sub-

leading terms were written suggestively in the exponential in [26], as (4.11) and (4.12). These sub-leading
terms are valid to leading order in the couplings.
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The special choice of Faddeev-Kulish dressing ¢c(k) = 1 = ¢ (k) was shown in [24] to yield
the exponentiated Goldstone bosons § and C as the leading conformally soft dressings. This
prescription will furthermore give us the sub-leading conformally soft dressings in gauge
theory and gravity in terms of the operators Y% and {*.

To see this we make use of the fact that the integrands in (4.11) and (4.12) have definite
powers of w which, as in section 3, turns the creation and annihilation operators in the mo-
mentum basis via the inverse Mellin transform (2.25) into operators with definite conformal
dimension. The contributions to the leading conformally soft dressings are obtained from

(B log(p; - 0)]Q; = Qj—— (4.14)

w—wj

and

W — W;
[0 log(pj - )1 (p) - q) = —2njwj— . (4.15)
w — U}j
For the sub-leading conformally soft dressing we note that the angular momentum JJH v
contracted with the null vector ¢, and the polarization vector \/§ew;l, = Owqy can be

expressed in terms of the generators of rotations JW and boosts K@)
(igpOuanJ?”) = —(1 =) (I +ik ) +i(1+ @) (I +ik ) 420 (1) +ik{) . (4.16)

This can be evaluated in terms of a simple action on the reference direction {w;,w;} using
the results in appendix B of [19]. We have the following relations between the SL(2,C)
Lorentz generators J and K and celestial derivatives 8, and 9y (momentarily dropping
the j label)
(Jg - iKg - 2w8w - 2h) (I)AJ = 0,
(=J1+iJ2 + iK1 + Ko — 20,) @Ay =0, (4.17)
(-@K1 + Ko+ Ji +iJs — 2020y — 4hw) ®py =0,

and similar expressions for the barred quantities obtained by taking the complex conjugates
of the differential operators. Using these relations we find

Q1 g ;

VL0 (5 vy — )9~ — .
(pi - 0) ' Qs(iquOuqu ;") = P ST— (@ — ;)0a, — 2h] , (4.18)

and _
w — wj

[aw IOg(pj ) Q)](iqpaw(ﬁljjpy) = _2w — w, [(w - wj)a'lffj - 2ﬁ]} : (4'19)

From (4.14)—(4.15) and (4.18)—(4.19), and similar expressions for the opposite helicity
terms, we can now infer the conformal Faddeev-Kulish dressings.

The conformally soft QED dressing up to sub-leading order in the soft expansion and
to leading order in e is given by

e

njws

Wer = exp {—inS(wj, ’J)j) (2hj8wj J[wj + J[wj 8wj + 2]_7,]'81]}]- ij + ijawj)} y (420)

where the leading dressing arises from the Goldstone boson

4\};_2 /OOO dw [algjl (a, - a:_) + 8;]_1 (a+ - ai)} , (4.21)

S(wj,wj) =

- 21 —



while the operators responsible for the sub-leading dressing are given by
wi _ e > -2 T
]L — 74\/57# /0 dww [Owj (a+ + a_)} y
w; _ € > -2 t
f ]_4\@7r2/0 dww[awj (a’*+a ”

Comparing the w-integrals to the Mellin transform (2.24) we see that the operators in (4.21)

(4.22)

and (4.22) may be interpreted as a smearing of the conformally soft radiative modes of
conformal dimensions A = 1 and A = 2, respectively. The first term in (4.20), given by
the Goldstone boson (4.21), matches [24]. With the remaining terms in (4.20) given by the
operators (4.22) we have extended conformally soft Faddeev-Kulish dressing of [24] to the
sub-leading case.

For gravity we find the conformally soft dressing up to sub-leading order in the soft
expansion and to leading order in k to be given by

Wy j = exp {—ianjC(wj, w;) + 2 (hjawijj + VY 0, + hjOp, V" + y@fau—,j)} , (4.23)

where the leading dressing arises from the Goldstone boson

C(wj, wj) = % /OOO dw {875],2 (a_ — ai) + 81;_2 (a+ — aT_) } , (4.24)

while the operators responsible for the sub-leading dressing are given by

Y= /OOO dww [8;;’ (a+ + ai” ,

872
VUi = 8:2/000dww[3;]3 (a_ +al )} :

Comparing to (2.24) we see that the operators in (4.24) and (4.25) are a smearing of the

(4.25)

conformally soft radiative modes of conformal dimension A = 1 and A = 2, respectively.
The first term in (4.23), given by the Goldstone boson (4.24), matches [24] while the
remaining terms in (4.23) given by the operators (4.25) extend their result to the sub-
leading case.

We have written the Green’s functions in a compact form in order to emphasize the fact
that the above expressions are local in terms of the dressing fields. As in [5, 6, 24] one can
write these in terms of the integral kernel (3.37). Moreover, we can replace any appearance
of w; in the dressings by the appropriate powers of the operator @;, whose action in the
conformal basis is to shift the conformal dimension A; of a primary operator!®

@;0(p;) = wjO(p;) = @0, (wj, W) = Op 41 (wj, w5). (4.26)

From (4.20) and (4.23) we thus see that the sub-leading QED dressing incorporates a shift
by A; — Aj; —1 while the leading gravitational dressing shifts by A; — A+1 in agreement
with the operator products between (’)Aj and the respective currents [2, 41].

15The operator @ is related to a particular combination of the components of the translation generator
Pt = ¢*¢%/%a  given by (P’ + P?) = €9/9a in [49] and denoted by P in [24]. Namely, P = 1@ where
n = %1 for outgoing (incoming) particles.
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5 Modeling the conformally soft sector

In this section we combine the ingredients for the conformally soft sector. We speculate
on the implications for non-trivial levels and central charges in celestial CFT in section 5.1
and then discuss 2D effective actions for the conformally soft modes in section 5.2.

5.1 Central extensions

The operator products between the 2D operators {7,S,N,C, T4, Y4} at the top of the
celestial Goldstone and memory diamonds give rise to levels and central extensions when
they are non-vanishing. For the leading soft photon and graviton we have the following
two-point functions [24, 50, 51]'6

(T (wiy0;) T (w;,07)) =7 7log|wi;|?, (N(wi,wi)/\f(wj@mZik/\w\wz‘j|210g|w1j|27

(T (wisw,)iS (w i) =k gsloglwi; |, <N(wz‘@z‘)ic(wj@j)>Zik/\/clwwplog!wﬂza (5.2)

(i8S (wi,0;)iS (wj,w;)) =kssloglwi; [, <iC(wz'@z')iC(wj@j)>=ikccmz‘j\2log\wz‘j!27
while for the sub-leading soft graviton we have [6, 27]

, _ . _ 3

(T (wiy i) T (wy, wy)) = 5677?1% log [wij|*,
; — W — 3 2 2

<7-wI (wi7 wz)y J (wj7 wj)) = ECTywij lOg ’w2]| ’ (53)
_ 3 i _ 3

(VY (wi, ;) YU (wy, wy)) = §nywi2j log [wij|?,

and analogous expressions for the opposite helicity modes. In the above expressions we
have allowed for various constants that are fixed by the dynamics and correspond to levels
and central charges. From multi-soft limits [40, 47] there is evidence that!”

]{ZJJZO, kNN:O, CTTZO, (54)
at least at tree-level while canonical normalization implies [24, 27, 50]

krs=1, kne=1, cryp=1. (5.5)

YThe definition of 2D operators via the inner product (2.18) between the bulk fields and generalized
conformal primary wavefunctions should guarantee the necessary SL(2,C) transformation properties. While
this may not be obvious from e.g. (5.2) we anticipate that we can use the operator @ defined in (4.26) to
write a two-point function

(18 (ws, @:)iS (w5, @;)) v kss log (\wijﬁa@j) (5.1)

which is SL(2,C) invariant since w — w|cw+d|* and w—w’ > %. Note that the energy operators
are replacing the cutoff ;4 which appeared in [6], and was interpreted there as signaling a conformal anomaly.
17See [50] for an example where this can get modified when the currents are complexified in the presence

of magnetic monopole sources. Consequences of generalizing this have also been examined in [52].
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Non-trivial levels in the two-point functions for the Goldstone bosons arise from loop effects.
These are cleanly captured in the eikonal approximation where the celestial amplitude
factorizes into a soft and a hard part

A= Asoft-Ahard ) (56)

at least at leading order in the soft expansion. The levels for the Goldstone bosons corre-
sponding to the leading conformally soft photon and graviton diamonds are given by the
cusp anomalous dimensions [24]'®

2 2

kss = —4677_‘_210gA1R, kee = QLﬁlOgA[R. (5.7)
Dressing the bare hard operators with the Goldstone boson & and C in (4.20) and (4.23)
leads to a cancellation of the IR divergent soft factor A,,s; such that the dressed celestial
amplitude is IR finite and given by Apgrq. [24]

On the other hand, the sub-leading soft dressings of [26], recast as conformally soft
dressings in (4.20) and (4.23), are only valid up to leading order in the couplings. In
particular, loop corrections mix the leading and sub-leading conformally soft contributions.
Nevertheless, one could try to reverse engineer the sub-leading dressings so as to remove
certain collinear divergences between hard operators and the respective current. For a bare
operator Oy, 7, its OPE with the stress tensor takes the form [56]

hjohj,f_lj awjoh]‘,]tbj : (58)

%wohjﬁj ~

(w—w;)*  w—w
where we have dropped regular terms. The sub-leading conformally soft dressing we found
in (4.23) is expected to imply the OPE

Tow : 2HhiOu; V71 +Y jawi](’)hjﬁj :~ regular . (5.9)

The one-loop exact correction to the energy momentum tensor [57] obtained in dimensional
regularization (D = 4 — €) induces the following shift in the parent primaries

gagwrz - / P —— (RN OGN +OENOEN). (5.10)
This shift in the charges mlght be expected given that superrotations and supertranslations
do not commute and that the soft charges should reproduce this algebra [58].

5.2 Effective 2D descriptions

We close this paper with a discussion of the role of the operators at the top of the celestial
diamonds. These modes govern the spontaneous symmetry breaking of asymptotic symme-
tries and should be described by some intrinsically 2D effective theory. Various elements
of this theory have already been explored in the celestial CFT literature. We summarize
them here, then review the simplest example in enough detail to extract what the general
features are for the free limit, before giving a simple toy model of 2D effective actions for
the modes at the top of our celestial diamonds. Its completion into a non-linear model is
an interesting problem which we leave to future work.

18See [63-55] for recent results on the IR structure of celestial loop amplitudes in non-Abelian gauge
theory.
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Leading soft photon/gluon. The spontaneous breaking of large gauge symmetries in
QED is captured by a free boson in 2D [50]. Vertex operators constructed from this boson
give the dressing for charged states. In Yang-Mills this gets promoted to a Lie algebra
valued free boson [54, 55]. The interacting version [5] is described by a Chern-Simons
theory on a hyperbolic slice of Minkowski space [4], which should be dual to a Wess-
Zumino-Witten model.

Leading soft graviton. While an understanding of the soft phase space and eikonal
factorizations have much earlier origins, the main precedent for how we are viewing the
leading gravitational dressings in celestial CFT are the references [24, 51]. There the IR
divergences are captured by correlators of vertex operators built from the supertranslation
Goldstone mode. A higher derivative 2D effective action is given in [59, 60].

Sub-leading soft graviton. An effective action for superrotations was constructed in [7].
As within a wider 2D CFT context [6, 8], the spontaneous breaking of Diff(S?) to Virasoro
is governed by an Alekseev-Shatashvili action [61].

The leading conformally soft photon is the simplest of the above examples. The
claim [5, 50] is that the spontaneous symmetry breaking of large U(1) gauge symmetries
is governed by a free scalar in a 2D CFT. Let us demonstrate how this 2D toy model has
the same structure as the celestial diamond for the leading conformally soft theorem.

For the theory of a free boson S = [ d*w0d,¢dz¢. Taking the field ¢(w,w) to lie at
the top of the diamond, we see that it descends to primary operators at the left and right
corners. These, in turn, descend to an operator at the bottom which encodes a ‘shortening’
condition of the multiplet. In the classification of [19] the fields 0,,¢ and Oz are type Ia
and Ib primary descendants. They play the role of currents associated to the symmetry
¢ — ¢ + const of the action. By taking an extra derivative we obtain the type II primary
descendant 0,,05¢ which is zero by the equations of motion (considered as an operator
equation valid in correlation functions up to contact terms) and defines the conservation
equation for the currents which can, in turn, be integrated to define charges. While ¢
does not transform as a primary,'? it is a building block for constructing vertex operators
Vo(w,w) =: el@d(w®) . which are well defined primaries with conformal dimension a2,
charged under the symmetry generated by 0,,¢ and Og¢. These can be used to ‘dress’ the
vacuum as V,(0)|0) = |a), which now carries a charge. Conversely, given a charged state
of the Fock space, we can make it neutral by acting on the vacuum with an opportune V.

We thus see that this toy model has circled back to the spontaneous symmetry break-
ing story that initiated our trek into the conformally soft sector. For this example, ¢
corresponds to O} at the top of the leading conformally soft photon diamond. Let us now

YNote that ¢ itself is not a conformal primary in the sense that e.g. its two point function takes a
logarithmic form which does not scale covariantly. Indeed, under the state-operator map, ¢ cannot be
associated to a normalizable state of the Hilbert space. On the other hand the OPE of ¢ with the stress
tensor is the one characteristic of a primary operator with & = h = 0. Therefore the generators L; and L;
act on it as on usual primary fields, e.g. [L1,$(0)] = 0. This means that the purely algebraic considerations
of section 3 of [19] hold also for ¢ (as if it were a primary).
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try to construct analogous toy models for the free limit of O} ;. The main takeaways are
the shortening conditions, the currents, and the vertex operators.
An interesting toy model that captures these features of the diamond structure can be

formally obtained by considering a higher derivative Gaussian theory with action®’

S = / d*w (9503 050K, + 0508 0504 ] . (5.11)

where, in order to have a scale invariant action, we choose operators O with dimension
A=1- kizk and spin J = k;Qk where k,k € Z~. Here we have introduced the label s in
order to make contact with the 4D notation of (2.18). It is fixed to k + k = 2s, consistent
with A = 1 — s for operators at the top of the celestial diamonds [19]. The equations of

motion can be written as follows
okoEO% ;= 0. (5.12)

We notice this takes us to the bottom corner of the diamond. By asking that the two point
function of Op ;s is the corresponding Green’s function we obtain

OA ;(w,w)O% ;(0,0)) x wh—Lph—1 log(ww) . 5.13
AT AT
This implies that we can define the two operators
T =008,  JTrn=0E0%, (5.14)

which lie at the left and right corners of the diamond and thus have 2D spin +s. These
currents have canonical two point functions (without logs)

(T1(w,®)T1,(0,0)) o< (w) " Y@)* 1, (Tr(w, @)ITr(0,0)) o« (w) ¥ L(@)* 1, (5.15)

while (J(w, w)Jr(0,0)) reduces to a contact term. The k—1th derivatives in w of Jr, gives
antiholomorphic generalized currents in the sense of section 3.4 (and similarly for Jz).2!
We thus see that this toy model gives us shortening conditions and currents, which
replicate the structure of soft charges and generalized celestial currents in section 3. More-
over, we expect the associated vertex operators to match the conformally soft dressings
we constructed in section 4. It would be very interesting to systematically study these
theories and find how to define, from first principles, their vertex operators. In practice,
this task should be straightforward since we are dealing with a special class of generalized
free theories where all correlation functions can be obtained by Wick contractions. It is
worth pointing out though that, while being simple, these theories are of a subtle type.
Besides the fact that the Gaussian fields have logarithmic two point functions (5.13), in

20T the previous sections we have been discussing the Goldstone and memory modes separately. Here
we are sidestepping how they interplay in the 2D picture. In the bulk we know that they are symplectic
partners and inherit Hermiticity conditions from the reality of the gauge field and metric. This might hint
at a single dual field, however our understanding of the 2D Hilbert space is still evolving [62, 63].

21The J, are polynomial in w. In the recent investigations [64, 65] the coefficients of these polynomials
are shown to obey interesting symmetry algebras.
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general these theories do not have a traceless stress tensor (apart from simple cases e.g.
k = k = 1 which corresponds to the free boson theory), therefore they are not Virasoro
invariant but only global conformal invariant (see e.g. [66]).

Our toy model captures the free limit of the examples from celestial CF'T discussed
above. Generalizations of this model with operators O that transform under a global
symmetry can be easily considered. Moreover, knowing how the Yang Mills [5] and sub-
leading gravity [7] get completed to interesting non-linear models, invites us to look for
analogs for the other conformally soft modes. While the most sub-leading soft theorems do
not have an obvious spontaneous symmetry breaking interpretation, the associated currents
are powerful enough to fix the OPE [67]. Our investigations into celestial diamonds have
handed us the ingredients for the conformally soft sector, which we expect to be a rich
microcosm of celestial physics.
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