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Soft Thm=Ward Id

u-falloffs and Celestial OPE
antipodal matching

analytic structure of
amplitudes, inner product

principal series vs

highest weight reps twistor & twisted holography
re-interpretations




WHAT IS CELESTIAL
HOLOGRAPHY?
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Lesson 1: BMS >> Poincare: A = 0 spacetimes have a much larger class of possible symmetries.

allowed gauge symmetries

ASG =

trivial gauge symmetries

p\'u:\sico.\ falloffs



ds? = —dt® + dx?* + dy*? + dz*

G,y = 81GTy,



u==t—r
v=t+r

time

transverse S?



In Bondi gauge the metric near future null infinity takes the form

ds® = —du® — 2dudr + 2r°~,zdzdz + Q%duQ
+(7“szdz2 + D*C, . dudz + %(%NZ — i@z(CZZCZZ))dudz + c.c.) + ...

which is preserved by the residual diffeomorphisms
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Form this bulk analysis we land on the BMS group

[Lim, Ly) = (m —n)Limyn, [Lm, Ln) = (m —n)Lpin,
1 - 1
[Lm Pk,l] = (in - k)Pk+n,1, [Ln, Pk,l] = (En - l)Pk,z+n )

[Pm,na Pk,l] = 0.

wheren,m € {—1,0,1} & k,l € {— %,%} give the Poincare subalgebra



We can see this enhancement from the boundary perspective

ds?> = —c?du?® + dzdz

as a Carrollian limit of of a Lorentzian CFTs;.
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ds? = —c?dt? + dx?

c > o0 c=1 c—-0
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A<O A=0

S0(2,3) 1SO(1,3)

AdS,/CFTs; Mink,/CCFT

Celestial CFT,

> Carrollian CFT;

Axc—-0



Lesson 2: These are indeed symmetries of the perturbative S-matrix!

/ Soft Thm = Ward Id

< (out|QTY]S — SQ[Y]}in) =0



The free data for our solution takes the form
{mp(uo, z,2), N,(uo, 2, 2),C,.(u, 2,2) }

where the u dependence of the Bondi mass and angular momentum aspect are
fixed by the constraint equations

nH[G Ly — 8TGT ] = 0



The free data for our solution takes the form
{mp(uo, z,2), N,(uo, 2, 2),C,.(u, 2,2) }

where the u dependence of the Bondi mass and angular momentum aspect are
fixed by the constraint equations

1 __
Oump = Z[Dgsz + D2N??] — T,



1. Q = Q due to antipodal matching of mg & N, across i°

2. Integration by parts turns the charges into fluxes

1
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“ lout|a_(q)S|in) = (s<0>— + S<1>—) lout|S|in) + O(w)
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Soft Thm = Ward Id
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subleading soft — Ward identity for - Ward identity for
graviton theorem = 4D superrotations — 2D stress tensor
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the asymptotic symmetry is physical




subleading soft — Ward identity for - Ward identity for
graviton theorem = 4D superrotations — 2D stress tensor

\
|

we should look for a 2D dual CFT



4D Soft Mode = 2D Current




The Celestial Conjecture:

scattering in asymptotically flat spacetimes is dual to a CFT living on the celestial sphere




4D Amplitude = 2D Correlator

4D Lorentz invariance = 2D global conformal symmetry

n

(0%, (21, 21)-- OF (2, 2)) = [ | / dus™ " (out|S|in)
0

=1

If we go to a boost basis, amplitudes transform as CFT correlators under the Lorentz group.
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Lorentz covariance guaranteed by this choice of wavepackets, with u-direction captured by a
continuous spectrum

A=1+1iA
Meanwhile translations shift the weight

ph =ghedr o A A+ 1
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w 4D Amplitude = 4D Correlator
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LSZ & Extrapolate Dict.
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v ={u,v}




Celestial CFT,

Carrollian CFT;



Operator Spectrum

Fock Space < 4D Hilbert Space < 2D States « 2D Operators

Oa(z, 2) E/ duu™2 Tli_)rglo [r5<I>(u,r, z, Z)]

: OO 5 (2,2) / dw w? P 1/ dwr W0 al(wy, 2, 2)at (w — wy, 2, 2)



Collinear Limit = OPE
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Celestial OPE

Celestial OPE

VS

Feynman Diagrams



Celestial OPE

Celestial OPE VS Feynman Diagrams
o _ _ _ 1 (203Z03) 212 _
81(21,21)On, (22, 2)Ons (23, 28) ~ | ———C1+ ez O Onrta0+85-4(23, Z3)

A

C
0A2(z2722)0A3(Z3,Z3) ~ /dA Az,A3

(223793)7(A2T094)

+ / dA do — ot

(223723) 3(A2tAa=2)

OA(Z37 23)

(A,0)

RZ(Z3, 23)



2D Radial Quantization —» More Symmetries

For special weights, the SL(2,C) multiplets have primary descendants.

H¥(z2) = limebrpelzz); A=k = 2, 1,0,—1; 5

e—0

Assuming these multiplets shorten, we have

~ e 1
Hk(z,Z) = Z 2_%—mHk (z) , wP = E(p_n_ 1)!(p—|—n— 1)!H7:2p+4



2D Radial Quantization —» More Symmetries

Complexifying the celestial sphere variables and defining a holomorphic
commutator

[A, B](2) = L dw A(w)B(z)

2m [,

gives a Lwq,. symmetry algebra for appropriately rescaled modes

wh,wh|(2) = |nlg—1) = mlp—1)| Wi (2)



Do these symmetries beyond tree level, or the self-dual sector?
Can we realize them in the matter sector?

Can we really complexify the celestial sphere to define these currents?
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A Collision of Fields: Then

The relativists were
systematizing what
happens at long
distances...

Our story starts with Strominger's
suggestion that...

..a series of separate
studies from the sixties
are secretly the same.

Asymptotic Symmetries

The quantum field theorists
were worried about what was
going on at low energies... {8

Memory Effects Soft Theorems

And, a little later, someone
remembered there was a physical
observable attached to each of
these things....




A Collision of Fields: Then

Boost Basis

/‘

2D Stress Tensor

-j Asymptotic Symmetries

Superrotation

Symmetry
New Subleading _/‘

Soft Graviton Thm. \

Spin Memory

Memory Effects Soft Theorems



A Collision of Fields: Now

Qoft Thm. = Ward d. IR Triangle [R Div. g ASG Violation  OPE Bootetrap ~ ( Wjres
2013 2015 2017 2019 202! ——

Soft Operators ag Currente Qoft Hair ~ Change of Basie ~ Amplitude Dictionary

two kinds of infinite dimengional eymmetry enhancemente



A Collision of Fields: Now

conformally soft theorems

holomorphic collinear limits

\
Lwj . in gravity, YM analog, ...

Holographic Symmetry Algebras

N
L gravitational phase space




amplitudes

holomorphic collinear limits

\

A Collision of Fields: Now

Holographic Symmetry Algebras

covariant phase space

— gravitational phase space




A Collision of Fields: Soon

time
_

CFT

Conformal Bootstrap

_ ‘ >
© Amplitudes v

PZ-—O




A Collision of Fields: Soon

Celestial Symmetries

ANEC+

Quantum Info Bootstrap
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can identify communities using Gephi holography

M s (25.84%)

N 1 (16.47%)

Ho (16.13%)

M2 (15.79%)
strings

amplitudes/bootstrap
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[[2166821, 2036329, 1960285], [2024912]] ['complexity equals', 'extrema nds made']

[[2616328, 2054698, 2016467, 1904870, 1870526], [1955845, 1¢ ['einstein cartan gravity', ‘finitg8lan symanzik', iling resonant is']
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S below | will copy in some keywords from recent hep-th papers can you distill 10 main
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Certainly. Here are the ten main themes distilled from the provided keywords:

. Holography and AdS/CFT

. Conformal and Quantum Field Theories
. String Theory and Dualities

. Supersymmetry and Supergravity

. Topological and Geometric Methods

. Entanglement and Quantum Mechanics

. Gauge Theories
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3
4
5
6
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. Cosmology and the Universe
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. Quantum Gravity and General Relativity

. Black Hole Physics —

AdS/CFT

Strings

Bootstrap

Scattering
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