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Celestial holography

e New framework for studying scattering in asymptotically flat space

e (elestial sphere: natural space to define scattering observables

j-l— %52

e (elestial amplitude = S-matrix in basis of boost eigenstates
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Celestial holography

e New framework for studying scattering in asymptotically flat space

e (elestial sphere: natural space to define scattering observables
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e Many connections: symmetries, soft theorems, CFT, scattering

amplitudes, twistors,...



Outline

e (elestial amplitudes: properties, symmetries, constraints
e Shadow/light-transforms
e Revisiting the celestial Poincare algebra: momenta and their shadows

e (Constraints from shadow symmetries



Celestial amplitudes

e Massless scalar scattering characterized by a function of n on-shell momenta:

e Map from momentum space to celestial amplitude:

E(Ala Zla Zl’ ”.) — HJ' da)lwlAl_lﬂ(a)la Zla Z]a ”.) .

i=1 0
e Example: 4-point scattering  </(z, z; f) = K(z,, 2)X(z, ﬁ)J doo’ ' M (w?, — z0?).
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Symmetries & constraints

e Example: massless 4-point  /(z,z; ) = K(z,, 2)X(z, /)’)J' doo” M (0?, — z0?).

—J0

x6(z—72)
e K(z;,z;) fixed by Lorentz SL(2,C)
4 () — () — () — 52
— LY =2z0,+h), LY=0, LYY=z +2zh,
N _ 0 177 i Z; + [ 7z '
Z LNd(A,z,7)=0, 3° - - _
el LY =2@z0. +h), LY =o0., LY =z0.+2zh;.



Symmetries & constraints

e Example: massless 4-point  /(z,z; ) = K(z,, 2)X(z, ﬂ)J' doo” M (0?, — z0?).

—J0

x0(z—2)
e K(z;,z;) fixed by Lorentz SL(2,C)
4 (i) — (i) — () — 2
— ) LY =2z0, +h), LY=0, L=z0a, +2zh,
Z Li(N)*Q{ (B3 2,2) =0, _O. Z - Z _+. Z _
el LY =2@z0. +h), LY =o0., LY =z0.+2zh;.

e SL(2,C) & momentum conservation

4
Z P(N)ng(Ai, 2, Z;) = 0, POA(z,Z) = €0741(2 ) =
N=1

4
remaining dependence on z and ff = Z A, — 4 only.
i=1



Symmetries & constraints

0:q,0, + 0.4,0: 4,005 Ag
e Massive scalars P{™ = “ (o 0:G, + — S e 0 4 —L %
2 A—1 (A — 1) A—1

[Law, Zlotnikov °19,’20]

e Lead to intricate set of constraints for 4-point massive celestial amplitudes.

e Simple story for 3-point amplitudes of 2 massless and one massive scalars:

C(Ala A29 A3)
_ _ _ 9
|A1+A2 A3 | 223 |A2+A3 Al | 213 |A1+A3 AZ

A(1,2,3m) =
| 212

— A, +A; —A,+A
<P1+P2+P3(’")>ng73(1,2,3(’")):0=> C(Al,Az,A3)o<B< EE — 3>.

2 2

® Inﬁnlty Of SOft currents , SymmEtry algEbra [Banerjee, Ghosh, Samal °20,..., Guevara, Himwich, Pate,
Strominger ‘21, Strominger 21, Himwich, Pate, Singh "21]
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A puzzle

e In theories with massless particles only, 2 and 3-point functions are singular.

e (elestial gluon three-point function

o3 = (67(21,2))03 (2, ) 05(23, 35)) & Sk + Ay + A3)z); 207127 16(23)8(2,,),

1

12 23 13 [Sharma '21]

77?7 = di(-—+) X(z—=Z2,h—h).

e Celestial two-point function  {(0,(z(,Z))0(22,2,)) x 6(A; + Ay — 2)6P(z; — 2,)

becomes a standard CFT 2-point function upon defining a new inner product.

[Pasterski, Shao ’17; Crawley, Miller, Narayanan, Strominger "21]

O(A; — A)

(@), ®,) = i(D), D) = (0,(z1,7)) O (20, 7)) A =1+l
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Shadow- and light-transforms

e Shadow t f SO (z,2) = N, 7 | d* : : O, (w,n
adow transform S$[61,_,,_4(z.2) = N, A r—— E—— nA (W, W)

maps conformal primaries of (A, J) to primaries of (2 — A, — J).

) (1 -2mCQ2h—1

CSDZ = (—1)2(h_h) =i 1677:2N(1_h 1—;1)N(h ]_1) ( ) ( ) = 1
’ T2 =-2nI'(2h)

e Upon shadowing one particle, 4-point kinematic constraint z = 7 is relaxed;

eg. gluon 4-point functions

:554 = Khi’;li(zi, Z;)0(z — 2f?’(z,Z7) — non-singular, admit a

conformal block expansion

[Fan, Fotopoulos, Stieberger, Taylor, Zhu "21]



Shadow- and light-transforms

e Light transform Z[0],_,(z,2) = Nh[dw Oniw,w), (A,J) - (1-J,1-A)

(z — w)2-2h

e Appear as exchanges in the conformal block decomposition

P3 P4
Of fO]_lI' maSSless Scalars [Atanasov, Melton, AR, Strominger "21]
V7 — — - 2 h,,—h — Z _____
Ay =134z, 2)f(2,2), [fz,2)=|z|"|1—=2z|" "*(z — 2), l O,

P1 %)

o0

ﬁ(z, Z) — n(ﬂ) [ 2 DnnC13nC24nCOS ﬂ<%+h13> COS ﬂ<%+h24> kl_-é-n(Z)kl%(Z)

n=1

+2 I daCt,Cry, D L’aak%w(Z)k %—“(Z)] '

100

Light—ray operators

e Related to half-Fourier transforms to twistor space. [Sharma 21



Summary so far and goals

m
Massive P/flm) = —
2

dzqﬂd + 8Zqﬂa-
A—1

q,9.0;
(A —1)°

AQ,
A—1

eaA

(a@% >eﬁm+

symmetry leads to non-singular 3-point functions, so do shadows and

light-transforms.

masses and spins

Coordinate independent —»

First principles understanding of celestial Poincare generators for all

shadow/light symmetries manifest!

Constraints on shadow, light transformed celestial amplitudes




Poincare algebra

e Letz,, 7, bespinor helicity variables.

e Introduce conjugate spinors w,, w,such that

o 0
[Wa, 2g]l = €45, [ W4, Zpl = — €4 Wa =~ P 1 VAT /4
Z
e Lorentz generators become
L, = zgwy, Ly = E(Zowl + W), L_=zw,
_ o _ | o _ o
L. = wyZ, Ly,= E(WOzl + W, Zp), L_=wzZ.

—
v
Q
N —
S
=

e Standard formulas recovered by choosing z4, — <

A\



Poincare algebra

e Momenta transform as Lorentz vectors

1
[L;, Poal =0, (Lo, Poal = — EPOA’ [L_, Popl = — P4

: 1
[L_, P14l =0, (Lo, Pral = 5P1A» [Lys Pral = Pos

implying the following Ansatz

e The conformal Casimirs H(H — 1), H(H — 1) given in terms of

1 _ _ _
HEEZAWA, H=—7w%, A=H+H J=H-H.

e Massless case: [Pyg, Popl =0, detP =0 = Pyp =243

[Donnay, Puhm, Strominger °18, Stieberger, Taylor '18]



Poincare algebra

e Massive case: [P, Ppl =0, detP=-1 =

6 non-trivial recursion relations for a, 3,7, 0.

e For example [Py, Py;] =0 =

) _ 1~ 1 _ 1~ 1
Ha(H,H)ﬁ<H+E,H+5>—(H—1)a<H+E,H—5>ﬂ(H,H)=O.

_ 1 _ 1 ~
° lution: - p _
Solution a(H,H) (OH — D)(2f 1)06(A), p(H,H) CH - DA - 1)ﬁ(f),
_ 1 - _ 1 ~
y(H,H) = CH - DA - 1)7(J), o(H,H) = (OH — D)2 1)5(A),

where «,f,7,6 obeytwo non-linear recursion relations.



Massive momenta

e Recursion relations for a, f, 7, 6 admit (at least) two families of solutions:

1) aA-D=QA+s)A-1—-5), sA)==1, BU)=—=J+s, 7J)=J+s,

2)  aA-D=A—-1-s, 6(A)=—(A-1)—s, BN =—J+s, 7UJ)=J+s.

e 1)unfolds into the expression found by Law, Zlotnikov

m (J+ S)5J—11 1 (J - S)5]+1] 1
P(’")=—( 0.0+——3§o0. | + 0-0 + ——G§0-
Ty VA1 g T A 1% ) T A T g T 1%
0.0 0.G0- 50.0- A—s—1) A+
v, ( 0.0+ —e p ST, T eosp 227 N S)fleaA>-
A—14+J A-1-J (A=-12-J2 (A-1)2-J2

e 2)is new, compactly written as

_ 1
(2H — 1)(2H — DPX];) =7 (A - — — s) 24+ Wy <—A + 5~ S) Wy + 24 (=J + )Wy +wy(J + 5)Zp.



Poincare shadows

e Under shadow transform Sz,S"=w,, S7,S"=w,.

e Shadow transform preserves the Lorentz generators SL,S' =1L,
and the Casimirs, while SHS'=1-H, SHS'T=1-H.

e Shadows of massless momenta FAB = SZAZBST = wWwy = FAB #P,p.

o ' : ' p(m) — ¢pm) ¢t — p(m)
Massive momenta (2) are shadow invariant P ap =SPS" =P

and are associated with shadow invariant conformal primaries.

e Under light transform Lz, L' =w,, L7,L"=7,.



New constraints

e Shadow and light-transformed momentum generators for massless
particles impose constraints on celestial amplitudes:

P vy BT (st a0+ — 040 + 1% oo,
= WsWp — - > - €
AB A" B 2 < Zq A . 1 Zq Z A _ 1 Zq < (A _ 1)2

(A —Ay)
2A,

— 0
e Two-point Ansatz  (0,(z,Z)) 0 (20,Z5)) = Cy(A, Ay) —
<12

e Shadow momentum conservation <€1P1 -+ 6272)(@1(z1,21)52(z2, Z,)) =0
yields the recursion relation €1A2C(A, A)—e,C(A+1,A+1)=0.

(A
Solutions: C(A,,A,) x [(ADI(A,), € = e, C(AI,Az)ocr(l( i), € =—¢,.
|
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New constraints

Apply similar logic to three-point functions:
e One shadow: constraints inconsistent =— no non-singular solution

e Two and three shadow constraints admit solutions consistent with direct
computations

e Appears to work for arbitrary spins (still checking).

e (elestial amplitudes well behaved in shadow-symmetric bases —

shadow symmetry: organizing principle for CCFT?



Summary

e Revisited the derivation of the celestial Poincare generators for all

masses and spins; found new shadow-symmetric solutions!



Summary

e Identified shadow and light transforms as automorphisms of the algebra,
easy to write down expressions for the generators in any basis and found

associated constraints.



Summary

e Repeat to find constraints on amplitudes involving light-ray
operators (in progress).



Summary

Repeat to find constraints on amplitudes involving light-ray
operators

New basis in which 3-point functions are non-singular?

Role of shadow- and light-transforms in CCFT: enhanced symmetry
algebra?



