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Holographic Principle

e AdS/CFT is wonderful!
- An exact duality between quantum gravity in AdS and gauge theory
- Tested precisely and remarkable agreements found on two sides

- Profound implications on quantum gravity:
e.g. entanglement, black hole information paradox, ...

@ Holographic principle motivated by BH entropy
% Quantum gravity is holographic in general!

o Flat holography

- Natural generalization but difficult

due to null and non-smooth boundary

- Celestial holography?




Celestial holography: what and why?

I will focus on massless fields in 4D. [figure adapted from Strominger '17]

Celestial holography

4D S-matrix = 2D CFT correlator

@ A new paradigm for flat holography beyond AdS/CFT
@ A new program of reformulating scattering amplitude
@ New insights into classical GR and quantum gravity



Motivation: what are the full underlying symmetries?

Symmetry is one of the most important guiding principles in physics!
The whole story of celestial holography is about symmetry.
It was motivated from and began with symmetries ....
soft theorems <+ BMS asymptotic symmetries
momentum space amplitude <+ manifest translational symmetry
celestial amplitude <+ manifest Lorentz symmetry

...but symmetries are still not fully understood!

Q: What are the full underlying symmetries governing the amplitudes?
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Kinematics

@ In 4D, the null momentum can be parametrized as

' = ewq”, g" = (l—i—zZ, 24z, —i(z—2), 1—22)

where € = £1 for out-going/in-coming particle, and z, z € S? are
coordinates on the celestial sphere.

@ Under SL(2,C) B
az+b _ az+b

- — - —, ad—bc=1
cz+d “ cz+d “ ¢

~ ' — AFpY w— ez + dw
@ Lorentz group SO(3,1) in the bulk

~~ conformal group SL(2,C) on the celestial sphere

@ Polarization ) 1
|u0n : €’LL = 78 H , gli — oM

graviton : el =eliell



Celestial Amplitude

@ Scattering amplitudes in momentum space are manifested
translational invariant.

An(Ji, ') = An(Ji, pl') 0 Zn Pl = ewid!'

@ Mellin transformation gives celestlal amplitude
[ Aj—1
My (D, Jiy 2, Z) = (H/ dwj w;”? )An(Ji,pf)
j=1""

= <0217J1 (z1,21) - OZLT“J” (2ns Zn)) CCFT

@ Momentum eigen-state |p) ~~ boost eigen-state |A, z, z)

@ Further introduce fermionic coordinates ~~ celestial superamplitudes

@ Soft theorem — Ward identity
Collinear factorization — Celestial OPE






Poincare symmetry of momentum space amplitude

An(Ji ) = An(Jipl) 'O pt) P = ciwigl’

@ The amplitude should be invariant under translation and Lorentz
transformation:

ZeijH.An(Ji,pf) =0, ZMJHV‘A”(JHPQL) =0,

J J

where

o 0
Opy 8}9” '

@ Translational symmetry manifest, but Lorentz symmetry obscure

PF = gpu — wq“ , M* = pﬂ



Poincare symmetry of celestial amplitude

My (A, Jis 2, %) = (H/ dw; ijrl>v4n(Ji,pf) , p=ewdt(z,2).
j=170

@ Poincare invariance of celestial ampllitude:

D APl L, LY IMa(Ai iz, 75) =0,
j

where

LF = h(k+1)2" +25o, . LF =hk+1)z" 4 2o, |

Pt = ghe?s = ghel@ntO)/2 ., obscure. k=0,+1
o L* LF satisfy the algebra of SL(2,C) ~ SO(3,1)

[Lk,Ll] _ —(kﬁ _ Z)Lk—l-l ’ [I/k,l_/l] _ —(kﬁ _ Z)Ek+l



Celestial amplitude as CFT correlator

@ Celestial amplitudes transform as conformal correlators under
SL(2,C)

azi+b az +E)

Mn(Ai7Ji777 5
czi+d ¢z +d

( H(CZj+d)Aj+Jj (Efj+g)Aj7Jj)Mn(Ai, Ji, zi, fi)
=1

@ Lorentz symmetry ~~» Celestial amplitude = CFT correlator

Mo (D, Jiy 23, Zi) = (OR| 5, (21,21) - OF, 1 (20 Zn))cCFT

A=h+h, J = h — h = spin in 2D = helicity in 4D

@ To form a complete basis, the dimension should reside in the principal
series of SL(2,C)
A=1+i\, AeR,

but it is useful to analytically continue to the whole complex plane.



BUlK conformal symmetry of celestial amplitude

@ For null momentum of massless particle ~» spinor-helicity formalism
p* = al‘fo‘p“ = \U\* o, =1,2

@ By introducing

pa: 1 eah/z ) ’5d: ]_- eafl/2 )
v z

Ko — az e—On/2 K& — 82_ e*aﬁ/2
20, +2h — 1 ’ Z0z +2h — 1 ’

we can construct the conformal generators

Pad _ %O_Zaipu — paﬁd , Koujz _ ; ZMKM kaka
190 = J(kp? 4 W), L = L 4 k)

D=1-(h+h)=1-A.

@ Their commutators satisfy the conformal algebra so(4,2).



Superconformal symmetry & N = 4 SYM

@ N =4 SYM theory enjoys the maximally superconformal symmetry
psu(2,2/4)

~ tremendous progress on the scattering amplitude in A/ = 4 SYM
theory: very high loop, underlying mathematical structure....!

@ All the on-shell degrees of freedom can be packaged into an on-shell
superfield by introducing Grassmann variables 4, A =1,2,3, 4:

1
V(p.n) = GH(p)+ 1" Ta®) + 5 n"®an(p)
1 1
+greanenn T (p) + eancon’nnn” 6™ (p) .
particle Gt G~ Sap=—Ppa A A
helicity J +1 -1 0 +3 -1
on-shell d.o.f. 1 1 6 4 4
SUA)r singlet (1) | singlet (1) | anti-symmetric (6) | fundamental (4) | anti-fundamental (4)

@ Superamplitude

A (pisni) = (W(p,m) -V (P, M) -



Superconformal symmetry in N = 4 SYM

@ The superconformal generators are given by

o 0 0

. - . 1 1
Paa:Aa)\a’ Kozazif7 D:—)\O‘iJ,»—D‘ ~-+1
O ONg, 20X 2 Q)&
1 0 5 O Y 1/, O <5 O
LB — 7()\(1 + A8 ) 7 LaB — 7(}\& 7 1Y ) :
2 OAg 0o 2 oA g
R - . b
Q(XA :)\anA , Q;x‘ _ )\aafh S% _ )\aaA , SaA _ )\anA , aA — 5 e
Y
1 1., 0 1-, 0 1 -shell
RAg =n?0p — -684 10 , Q=—-XA—— + A" 4 9,
B =10~ 105N 0C, 5" o T3 6)\d+2n A—

@ They satisfy the psu(2,2|4) algebra. E.g.
1
{Q4,891 = c*PRAL 4 54LP — 550435@@ —Q+1)

@ Superconformal symmetry implies that the superamplitude is
invariant under the action of these generators

> Ojdn(pim) =0, O=P,KDLQSR
J
Note 2 = 1 when acting on V¥ or 7,.



Celestial superamplitude in A/ = 4 SYM
@ On-shell superfield ~~ Celestial superfield/superoperator :
Ua(z,2,n) = /000 dw WA W (ewg"(2,2),1) .
@ In components, it reads (h —h = 1)

Uy n(zzm) = GHhA) +0 Talh— 3 h+ 3)
l 4B 1 7 1
RETIA bap(h—5,h+3)
1 - -
+§€ABCD77A77BUC P (h— %,h—i- %)
B _C, D

1 .
+I€ABCD77A77 n%nP G (h—1,h+1)

@ Celestial superamplitude

M (hiyhis zis Zi,mi) = (W, 5y (21, 20,m) - Yy 5 (205 20, 10)) -



Superconformal symmetry in celestial basis

@ Introducing

fa 0. —op/2 L4 0z —8; /2
k= <z@z+2h— 1757]/10/‘) € ’ k= 282+271—1+%71A8A € ’
nc

we then have sueprconformal generators in celestial basis

P = p%p> | K““*ko‘lla D=1—h-h,
—~ 1 -~ ~ —~ 2
Log = *(kapﬂ-%kﬁp"), Leg=73 (k‘Y P iPpY
EA *T]AdB—75BnCOc, O=h—h=gorsel — 1
G = poy A —L(on-05) 7 @: _ ,3"*8145“%*9}1) 7
99 = k*9ued On—05) g4 :f(anAeﬁ(ara,;)
By, 197, 198, £,R%P, By, (@%);, =@ )y, (RA);, (5% My =0
ZEJ]’]"]'7€JJ’7 i (QA)j, €5(Q ]’(BJ: A)]1€] n =

J
@ Celestial superamplitude = “superconformal correlator”
Standard SCFT: (3 = Pop = Lyp <> Celestial SCFT: ()“ = Pyp

Ma(bishiyzi, Zi,mi) = (Y, 5 (z0,205,m) - Uy 5 (20, 20, 0))ccFT

L on. ~oF. _ i +b @z +b ez +dy s
= o d) 2R (a2 4 d) 2R )l iy gy 0 BT (SN2 )
<g(62]+ ) ez +4d) ) cz;+d’ ez +d (62i+d) K







Celestial operators: soft v.s. hard

@ From now on,all particles are out-going ¢ = +1.
OA’J(Z, 5)
Here A € 1 + iR to form a basis, but can be analytically continue

e Soft operator: Oy ; with k = |J|,|J| —1,--- ~» symmetry
% Soft current:

R*J(2,2) = lim (A = k)Oa,s(2,2)
_)

@ Hard operator: the rest

4

@ Ambiguities arise when scattering soft particles of mixed helicities
~ only consider positive helicity soft particles with J > 0



Ward identity (or conformally soft theorem)

@ Soft theorem w; — O:
Ay 220 (8O 4 50 4 4,

T t
w;n UJ;"+1
@ Mellin transformation ~~ Ward identity
A ABs—n A 1
d Ag—1, —n — s—n e
_/0 Ws Ws Ws As—n As—n+

Soft factor w; "~ pole at Ag; = n~ current H, = lima_,,(A —n)Oa
@ E.g. the leading soft theorem for positive helicity gluon has soft factor
+
50 — Pj &s qa
Zj: Pj - Ps J
which leads to Ward identity associated with KM current H¢
. —\ b = bm >
lim (A = 1)(0% 11 (2 2)0%, 5, (51,71) -+ 0K,y (oms 2m)
.fabjCj b1 = Cj = bm =
= D OR (a3 OF, (355 - OF, L, (oms 2m)

—~ 2 — 2
j Jj



Celestial OPE

e In the collinear limit, p1//p2, P = p1 + p2, and P2 — 0, the
scattering amplitudes factorize

AP, 202 ) P2, NP Splig (1 92 s PR A,y (PR )
h

@ Since p1 - py (x12)2, the collinear limit of momenta just corresponds
to the collision of two points on the celestial sphere £1 — xo.

D1 0

/{72 .

@ Performing the Mellin transformation on split function gives the
celestial OPE.



Examples of celestial OPE in 4-dim

@ E.g. the split function for gluons with positive helicity is

1 1 W 1
’y(l — ry) (12> W19 Z12

Split(1+,2T — PT) =

where p; = yP, po = (1 — ) P. Mellin transformation gives

ABC

OR, +(21,21)0R, 4. (z2,22) ~ B(A1—1,20-1)0K, ( n, 1.+ (22,22)

712
@ Similarly, the celestial graviton OPE is

_ _ Z12 N
Ony42(21,21)Ony 42(22, 22) ~ _zTgB(Al_l’A2_1)0A1+A2’+2(22’22)

@ Supersymmetry: superfield — super-OPE
@ Celestial OPEs can also be derived from string worldsheet.



Ingredient 1. Mode decomposition of soft current

@ We work in 4-dim with (2,2) signature ~» z,Z are independent.
@ Chiral enhancement of Lorentz symmetry:

SL(2,R) x SL(2,R) C Vir x SL(2,R)

@ The soft currents admit decomposition into chiral currents

Rk,J(sz) _ ngkRIZ,;] ( )_’_ﬁ] k— le g+2( )—f-"'-l-RE(Z)

2 2

Chiral currents Rly” (z) transform in the (J + 1 — k)-dim representation
of SL(Z,R).

@ It is convenient to rescale the chiral currents:

RzJ (z—l—n)(z—1+n)'RJ+2 24,J

n=1-i,2—i,--i—1, ¢=1,;2,~



Light transformation of soft operator

RZJ (z—l—n)(z—l—i—n)'R”H'Q 2i,J

Physically, this can be understood as light transformation:
L(O] 15y 0) = [ dz (0 = 2200, 5(2,2)

Plugging mode expansion gives

LlOkrcs)(2,0) = LRz, 1)

- Z RfL’J(z)/di (u_)—g)k-i-e—J 2__n+J =
k—J

n=%5=

As a result,

y2i il i,
L[Oj2-2i](2,2) = Wi;(;i) . (7%;)5&

n=1—1




Ingredient 2: Summing over SL(2,R) descendants

@ General OPE takes the form:

= _ C(CD)PO OAP,JP (z2v 22)
Ony,0(21,21) 00,0 (22, 22) ~ ——x 5as—ap — T Tp
(2122’12) 2 (2’12/2’12) 2

where Oa,, 7, is primary, dots are descendants.

e Want to sum over all SL(2,R) descendants ~» SL(2,R) OPE block

[ 42 0, 2) (04, (2003, ()01, ()

Z
B /21 dzs Oy, (%3)

—hi+ha+hp—1_ho—h1—hp+1_-h1—ho—hp+1
212 232 213




Summing over all SL(2,R) descendants

OPE with all SL(2,R) descendants

ZN M
= 5 12
OAl,Jl(ZlaZl)OAQ,J2<22722) N01(92 N+M X
iz

1
/ dt Opp.gp (22,22 + tZ12) tAl—Jl—M+N—1(1 t)AQ —M+N—1
0

4

where
A+ Ay —Ap N_J1+J2—JP

M = ) - 5
2 2

Op
C’(91 O

Op
NOIOQ_B(Al—Jl—M-i-N, AQ—JQ_M+N) '




Holographic chiral algebra: soft-soft OPE

@ Let’s start with OPE between graviton and matter

z
Oay,0,(21,21)Ong 42(22, 22) ~ —;B(Al —J1+ 1,82 = 1)On, 42,5, (22, 22)
12

e Applying the SL(2,R) descendant summation formula leads to

_ 1
zZ _
Ony,01(21,21)On,,42(22, 22) ~ _ZE dt On,+aq.0, (22, T2t Z12) t21 771 (1—t)
12 Jo

Ao —2
@ Taking both operators soft ~~ OPE between two soft currents
A —=k=J,J1—1,---, Ay —=1=21,---

@ Picking up specific chiral component in each soft current
~» OPE between two chiral currents

; ; 2 ) . i
Ry @R (22) ~ = (mli = 1) =G = 1)) Ry (22)




Holographic chiral algebra in supersymmetric EYM theory

The same procedure gives all the chiral OPEs in super-EYM theory:

graviton —  H;,(2)H2,(0)
gravitino —  Z,,(2)H2,(0)
gluon —  KL%(2)H2,(0)
gluino —  LL%(2)H2,(0)
i (2)KE(0)
K3 (2)£3(0)

T, (2)K7(0)
IT,LT,LL

~

~

~

—%( (z—l—ng—l)
—%( (z—l—nj—l)lClﬂ e
)

2
—f( i—-1)—n(—-1
z

z

2 (mli—1) —n(j - 1))%11%%0) ,

IH—] 2

n+m

n+m

£z+] 2, a

n+m

abe
.f ’Cz+] 1, C(O) )

n—+m

abc L
f £1+]—1,C(0) ,

z

n+m

=2 (mli = 1) =l - D) £17,2(0)
0.

[Guevara, Himwich, Pate, Strominger '21][Jiang '21]

Since this algebra is generated by infinite chiral currents, | will call it
holographic chiral algebra (HCA).



Holographic chiral algebra

Hi()H2(0) ~ =2 (i = 1) = n(j = 1)) HE,2(0)

Z7.7:17%7277 TL:].—Z,Q—L,’L—]., m:]-_]vz_]vvj_l
Using the formula
dw
4B = § $2Aw)BE)

one gets the commutator
(i i) = =2(m(i = 1) —n(G - 1)) 1755

This is just the w4, algebra, or more precisely the loop algebra of the
wedge algebra of w4 algebra.

o 1} is a central term: [H}, Hi] = 0.

3 5
@ The soft gravitons up to sub-sub-leading order, H2, H2, Hz,
generate the infinte tower of chiral currents 4! and thus also the HCA.






Questions?

What is the implication of the co-dim symmetries?

Especially, what are the corresponding Ward identities?



Soft-hard OPE

@ As before, we start with OPE between graviton and matter

z
Ona,+2(21,21)0n,, 05 (22, Z2) ~ _TiB(Al —1,A0 — Jo+1)OA, 444,75, (22, Z2) ,

o then sum over all SL(2,R) descendants
Onp, +2(21,721)0n,, 5 (22, 22) ~ —5/ dt Op,+0,,05(22,Z2+tZ12) t A1 2(1 t)A2 T2
@ Taking Oa, 42 soft: Ay — 1 =2,1---, while keeping On,_ s, hard

~> OPE between soft current and hard operator

H'(21,71)Ony,1,(22, 22)

_ 1-1
et ()’

z s!
12 5—0

(—1)75+1il P(AQ — Js + 1)
—s+1-DIT(Ax— Jo+1+5)

0"Ongti, 45 (22, 22) (

This gives the action of symmetry current on hard operators



Ward identities from soft-hard OPE

H'(21,71) 00,1 (22, 22)
_ 1-—1 _
_ Zi2 (Z12)

s —1) T DA~ Jp+ 1
o0 Ongtitaa (22, 22) (( ) (B2 = o )

—s+1-DIT(As— J2+1+5s)

z
12 5—0

Applying this OPE in correlator leads to:

oo Graviton Ward identities

<Hl 2, Z)OAl,Jl (217 Zl) T OAm,Jm (Zm7 Zm))

ili (z— 2" (=)~ T(2hy+1)
z—z  sl(—=s+1—DIT(2hs +1+ 5)

k=1 s=0
XéZ<OA1,J1 (217 Zl) T OAk-I-l,Jk (227 22) co OAme (va Zm»

They are equivalent to infinite soft theorems in scattering amplitudes.



Ward identities up to sub-sub-leading order

@ leading order [ = 1:
(H'(z, ‘)0A1 51 (21, 20) -+ Ongy g (2ms Zm))

m — —

z — _ _
-> P OAl (21, 21) - Ong1,0, (285 2k) -+ - Oany dp (2ms Zm))
k=1

@ sub-leading order | = 0:
<HO(27 E)OAI,Jl (217 21) e OAmaJm (Zm, 2777«))

m > = \2 T B
S ETA L 5008 (21 7) - On s ()
1 z — Zk z — Zk
@ sub-sub-leading order [ = —1:
(H™'(2,2)08,.01 (21, 21) -+ - O 1 (25 Zm))
1 U (2 — Zk) 2hk(2hk — 1) 4ilk(§k =
= 22 [ + ]

(Z — Zk)2 zZ— Zk

=1
X(Oay,0(21,21) - Ong—1,5, (2, Zk) - - Oy, (2, Zm))



Shadow Ward identities

Shadow transformation in 2D CFT:

5(1—h,1—ﬁ) (w,w) = /dQZ (z —w)*"?(z - @)Qh_QO(h,ﬁ)(Za z)

[Jiang '21]

(H (w W)OA, 7, (21, 21) - OA, dom (Zm), Zm))

— (s+1)I'(2hy + 1 .
y D) (= ) — 5
Sl Qhk—i—l—i—s)

k;:
X Op{Ony,01 (21, 21) = - Ongt1,0, (2h5 Zk) - Oy, Ty (2ms Zm))




Shadow graviton Ward identities

@ leading order [ = 1:

(HY(w, ®)Oa, 0, (21,21) - - Orpy i (2 Zm))

e~ w— _
= -3 Z — OAl 1 (z1,21) - Oapt1,4+0, 2k, Zk) - - Oag,, Jo (Zmy Zm)

@ sub-leading order | = 0:
3

(CHO(w,0)0n,,5,(21,71) - O g (2, Zm)

= Z[(u_) k_ + — k_ }<0A1’J1('Z1721)"'OAm,Jm(Zm,Zm»

P —Zp)? W —Zk

~ stress tensor Ward identity

@ sub-sub-leading order [ = —1:
<H71(w7 U_J)OALJl (Zlv 21) te OAme (Zma Em)>
N1 2he(2hs — 1 4h1,0 07
= oy L [Pl D) A0y 0]
—w—z L (0= Zk) (0 — Zk) W — Zk

X(Oay,0, (21, 21) - Ong—1,0, (25 Zk) - - Oy (2, Zm))



Question?

How robust are the Ward identities?

EFT corrections?

Let us first derive some general results!



General spinning OPE

o In the collinear limit, p1//p2, P = p1 + p2, amplitudes factorize

1
An(181,252v"') MEZ_) ZA3(151 +2827*P53)ﬁAn71(P_83,"'

Split(151 4252 — P—53)

S3

@ Three-point on-shell amplitude is fixed by locality and symmetry!

Split(1°1 +2°2 — P~°3) %As(ﬁl,zsa _p%)
1 S 82 —83 S 83— 8¢ 8¢ 83—S8
o <12>[12] [12] 1+s2 ‘5[1p] 1+s3 Z[QP] 2+s3—s1
[12]51+S2+8371 s1+s3—s s2+s3—s
x (\/E) 1+s3 2(@) 2+s3—s1

(12)

where s1 4+ s34+ s3>0 and p; = xP,p2 = (1 — z)P.



General spinning OPE

@ In terms of celestial variables, _ 4o 1q. 1

Split(151 4252 — P7%3) oc 12 (ysetsslsidss U
212

@ Mellin transformation gives the general celestial OPE arising from
cubic interactions of spinning particles:

sJ1+J2+J3—1
212

OAl,Jl (Zla Zl)OAQ,JQ (227 22) ~ CJyJyJ3 210

XB(Al +Jo+J3—1, A0+ J1 + J3 — 1)0A3,,J3(22,22)

whereA3:A1+A2+J1+J2+J3—2.

e Including all the SL(2,R) descendants:

) )Ttz ats=1
CJ1J2J3 (Z12) 1728
—0

Ony,11(21,21)Ony, 05 (22, 22)

s

X0°Ong,—3s(22,22) B(A1+ s+ Jo+ J3 — 1, Ao+ J1 + J3 — 1)



General Ward identities in CCFT

General formula for Ward identities

(R (2,2)00,,0(21,71) Oty 51 (2, Zm))

. 1—l—Jy—Jj, Tt dp Tl 4s—1
— = k
_ (_1)V(V1+”'+Vk—1)c (Z Z’“)
= J I J}, ”— 2
k=1 s=0 L

N T(Ak+J+J, — 1)
sl1—l—s—Je —J)NT( A+ T+ Jp +2J, +1+5—2)

X0 (Oay,0 (21,21) - - OAk+l+J+Jk+J,/c—2,—J,’C (215, Z1) - - - Oy, Jn (2ms Zm))

where v; = 0, 1 for bosonic and fermionc operators, respectively.

@ Applicable to massless theories controlled by cubic interactions,
including fermionic fields.



Now we can apply the general results to discuss the
EFT corrections to graviton Ward identities...



EFT correction to soft graviton theorem

Ay 25 (8O 4 50 4 5@ 4, 4 0(p2)

o S leading soft factor: exact

o S sub-leading soft factor: no EFT correction, but has 1-loop
quantum correction

o S sub-sub-leading soft factor: EFT correction

Apsr ZZ2 (8O 4 50 4 §O) Ay 45 A, 4 02)




EFT correction to graviton Ward identities

23
z
Ony,+2(21,21)Ong,55 (22, 22) ~ Z*HB(Al +1,A2 — Jo +3)On, +a5+2,75—2(22, Z2)
12

The resulting Ward identity is
<Hl(z7 E)OAI,Jl (Z17 21) T OAme (Z”TH 2771))

= if (2—2)"" (=77 D(Ak—Ji+3)
N z—zr Sl(=l—s—DIT(Ar—Je+1+s+4)

k=1 s=0
X0 (Onay,0 (21, 21) -+ Onyyirz, g, —2(2k, 28) - Ong a0 (2m, Zm))

Non-trivial correction starts at sub-sub-leading order [ = —1:
<H71(Z7 Z)OAlle (Zla 21) T OAm,Jm (ZTM Zm)>
moo - \3
= S E 0 (e m)  Onpe g a(B) - O (o)

zZ—Z
k=1 k

o0 (o(0) 4 o) 4 q(@) [sk]® 7aa)
Anir (5©+50+s )An—Fng@An i
k







Summary and Outlook

@ Global spacetime symmetry:
Poincare, conformal, and superconformal in A/ = 4 SYM

@ Infinite dimensional asymptotic symmetry:
Holography chiral algebra (soft-soft OPE)

@ HCA ~~ infinite Ward identities (soft-hard OPE)

@ A general formula for celestial OPE from the cubic interactions
symmetry+locality — _—> HCA — Ward ldentity

@ Negative helicity soft particles?
@ Quantum corrections?
@ Multiple soft theorems?

@ An exact model for celestial holography? String theory?
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