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Abstract: Have you always wanted to know: What the symmetries of nature are? How black holes process quantum information? What the ultimate
UV description of our universeis? Then join me as| continue to develop a new framework to describe scattering: & nbsp; Celestial Holography.

The Celestial Holography framework applies the holographic principle to spacetimes with vanishing cosmological constant by mapping 4D S-matrix
elements to correlators in a 2D conformal field theory. This map possesses a number of surprising features. For example, it emphasizes infinite
dimensional symmetry enhancements, which are typically hidden in IR factorization theorems for amplitudes; reorganizes collinear limits as CFT
operator product expansions; and mixes UV and IR behavior in a manner that may allow us to make general claims about scattering not obvious
from perturbation theory.

Can we show that the UV behavior of amplitudes must be stringy? Can we bootstrap celestial CFTs? Can we unify tools from Loop Quantum
Gravity and String Theory?

Maybe, with your help!
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Prospects in Celestial Holography

Sabrina Gonzalez Pasterski
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The Plot

Today, | will present a new framework to describe scattering:
Celestial Holography.

The story will unfold in three acts which will address:

« Why infrared physics constrains scattering
* How symmetries of the S-matrix point to a holographic dual
« What we can discover by building this dictionary
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The Conflict

N
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Attempts at combining quantum mechanics and general relativity
run into troubling issues, such as hon-renormalizability and the
information paradox.
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One could try to resolve this puzzle by formulating a different
description of physics in the ultraviolet.

N,
Y . \?

——

Perhaps, surprisingly, we can learn a lot about quantum gravity
starting from the infrared.
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The Heroine

Our main tools will be Noether’s theorem:

More Symmetries = More Constraints

and the holographic principle: »

A theory of quantum gravity is equivalent
to some lower dimensional theory without
gravity.
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The Setting

We are interested in the class of spacetimes with A = 0 allowing
localized stress tensor sources.

yd

ds? = —dt? + dx? + dy? + dz*
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These spaces have the same causal structure as Mink,.

L
)
s
S
Y
transverse S2

In particular, m=0 fields enter and exit along null boundaries.

S

¥ = R xS?2
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These spaces have the same causal structure as Mink,.

Y Q%

celestial sphere

L
QO
v=t+r ©
;M
>
transverse S2

In particular, m=0 fields emﬁyt along null boundaries.

~ R XS
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From Newtonian gravity, we expect long range deformations of
the metric once we add matter.

For asymptotically flat spacetimes, we can perform a large-r
expansion near null infinity.
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The metric near future null infinity can be parameterized as

ds?® = —du? — 2dudr + 2r?v,;dzdz + 2%5du2
-l—!?"szdzz + D?*C, dudz + %(%Nz — }l—az(szC”))dudz + c.c.) + ...

K Radiative Data

These falloffs are preserved by the following diffeomorphisms

+ _ U \vtzqg Uz +z __1 +2z u +z
£ —(1—|—2T)Y 0, 2TD DY %9, 2(u+r)DzY 8,,.»+2DZY O, +c.c

+ 1o, — %(Dz fto, + D*f*t0;)+ D*D,f* 0.

K Superrotations

k Supertranslations

__2
(1+ 22)?

[Bondi, van de Burg, Metzner*62] [Sachs ‘62][Barnich, Troessaert ‘1] f*r=1"=2) 8YT=0

, 0
2z = e tan g Yz =
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Diffeomorphisms which act non-trivially on the boundary data are
considered part of the asymptotic symmetry group.

allowed gauge symmetries

ASG =

trivial gauge symmetries

1

These transformations give a non-zero canonical charge.
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The metric near future null infinity can be parameterized as

ds? = —du? — 2dudr + 2r?v,;dzdz + 2%5du2
+(rC..d2? + D*C, dudz + (5N, — 19.(C..C%))dudz + c.c.) + ...

K Radiative Data

These falloffs are preserved by the following diffeomorphisms

£ =1+ %)Y"'znﬂz — %DEDZY"'EBE - %(u +7)D,Y 1?8, + gDzY"'zau +c.c

+ 1o, — %(Dz fto, + D*f*t0;)+ D*D,f* o,

K Superrotations

L Supertranslations

__2
(1+ 22)?

[Bondi, van de Burg, Metzner ‘62] [Sachs ‘62][Barnich, Troessaert “11] f*r=1"=2) 8YT=0

, 0
2z = e tan g Yz =
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We see that this class of metrics obeys an infinite dimensional
enhancement of Poincaré, which includes:

» supertranslations which shift the u-coordinate by a function of (z,z)

£+|I+ = f+(za Z)au,

» superrotations which extend the global Lorentz transformations

Y =iz, Yi=—3(1+2%), Yi=—5(1-27),
Y =2 Yii=-3(1-2%), Y§=-501+2%

to local CKV’s YZ%(z).

The IR dynamics of gravity is governed by the spontaneous breaking
of these asymptotic symmetries.
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For every Goldstone mode of an asymptotic symmetry, we expect a
conjugate memory mode.

These memory modes are observable and provide a way to
experimentally test the proposed ASG.

\/\ memory
Goidstonle

u
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Meanwhile, one can verify that the S-matrix obeys these symmetries
by translating these statements to momentum space.

XX

It turns out that the Ward identities for asymptotic symmetries are
equivalent to soft theorems in QFT.
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We see a pattern of connections between low energy observables,
symmetries, and soft theorems emerging in the infrared.

soft thm.

memory symmetry

This Infrared Triangle is universal and can be used as a template to look for
new physics.
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Let us consider an example where each vertex was new.

/ (out|a—(q)S|in) = (S(O)_ + S )_) (out|S|in) + O(w)

G(0)— _ Z (p - €7)? G- _ _iz D€ M ¢  iaw
e P-4 ” Pk g

The soft theorem relating amplitudes with and without an extra
low energy graviton can be extended to subleading order.

[Weinberg ‘65] [Cachazo, Strominger ‘14]
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Meanwhile, the charges generating superrotations

1
8rGQT[Y] = Vd? zdu [—iDnguﬁusz +Y*T,, +uD,Y?*T,, + h.c.

~

T+

QY] =Q5[V]+ Qi[Y]

split into a part linear in the metric Qg and a part measuring
the stress tensor flux along null infinity Q,,.

[Kapec, Lysov, SP, Strominger ‘14]
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Qg picks out a certain low energy mode of the metric

1K

/ uU 8

A1 A\ ~ -"
€z L}Jl_)IIlO(l + wiy,)|[a_ (wZ) — as (wz)']

whose S-matrix insertions are given by the soft theorem.

% X % S (out|QT[Y]S — SQ[Y][in) =0

[Kapec, Lysov, SP, Strominger ‘14]
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Qg picks out a certain low energy mode of the metric

1K

d 8uC§z —_
/ uu 8

A1 A\ ~ -"
€z L}J]-—IPO(]- + woy)|[a_ (wZ) — ag (wz)']

whose S-matrix insertions are given by the soft theorem.

% «{7% & (out|QH[Y]S — SQ[Y]lin) = 0

[Kapec, Lysov, SP, Strominger ‘14]
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We see that the S-matrix obeys a Virasoro symmetry which
lets us independently boost and rotate different patches of

the night sky.

kY

This appears to be phenomenologically relevant to Jet :
physics via the reparameterization invariance of SCET.
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Moreover, if we wanted to test the astrophysical relevance of
this symmetry group, one could measure spin memory.

This is a Sagnac-like effect measuring angular momentum
flux through your interferometer.

[SP, Strominger, Zhiboedov ‘15]
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The Intermission

The example | just covered is the stepping off point into the
wonderful world of Celestial Holography.

Before continuing our journey, | want to emphasize the power of
what we have already gained from the structure of IR physics.
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IR Divergences:

Our story offers a reinterpretation of IR divergences in terms of
charge (non)-conservation. Rather than compute inclusive
cross-sections, one can use dress states to enforce the Ward
identity.

Black Hole Evaporation:

If you demand these symmetries hold in the presence of black
holes, they constrain their evaporation and provide a source of
soft hair.

[Chung ‘65] [Faddeev, Kulish ‘70] [Kapec, Perry, Raclariu, Strominger ‘“17]
[Hawking, Perry, Strominger “16] X
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These insights open up interesting research avenues. For
example, one can use them to study the experience of an
infalling observer.

Her entanglement with soft degrees of freedom prevents her from
experiencing a firewall! :

[SP, Verlinde ‘20]
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Act Il. A New Framework for Scattering
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The example we have examined suggests that the 4D S-matrix
Is dual to a 2D Celestial CFT living on the Celestial Sphere.

(out|S|in)

[SP, Shao ‘17] [SP, Shao, Strominger ‘17]
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The global part of the conformal symmetry comes as no surprise.

0

—1
- 0
n= 0 ATnAzn
0

Lorentz transformations induce conformal transformations on the
celestial sphere.
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However, with superrotations, we also have a Virasoro symmetry.
For a particular choice of Y*

1 _
T,, =2iQL(YY = YY=0
- =2QF(Y" = )
the 4D superrotation Ward identity takes the form of a 2D
stress tensor conformal Ward identity.

(Z — Zk.)2 g3 - zkhk + 7 — 2 (azk — |Sk|sz) (Ol .. On>

(Tzzol T On) - Z

k=1

= [ hy [k 1

[Kapec, Mitra, Raclariu, Strominger ‘16]
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We see that the relationship between soft theorems and Ward
identities is much richer.

subleading soft === Ward identity for === Ward identity for

graviton theorem = 4D superrotations 2D stress tensor

the asymptotic symmetry is physical

[Kapec, Lysov, SP, Strominger ‘“14]
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S-matrix — cCFT correlator

4D _————— 2

Gravity, A=0 CFT

1
Ward identity Ward identity
asym. sym. holo. current

soft
operator

—— current
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We want to extend this map on the currents to send any S-matrix
element to a conformal correlator.

(out|S|in) — (O1...0y)

In writing the superrotation Ward identity as a stress tensor OPE,
they were a bit hasty.

1 - 1

hi = Q(Sk — wi0O,,,), hk = 5(_513 — wi0,,,.)

The conformal weights appearing there were still differential
operators, not diagonalized in the plane wave basis.
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To achieve this, we need to switch from translation eigenstates
to boost eigenstates.

p
/mdww"—“_l( ) d°p Ga(p;w, ) (- )

0 Ha

This amounts to constructing wavepackets of on-shell states
that transform under SL(2, C) with definite weight A and spin J.

[SP, Shao ‘“17] [SP, Shao, Strominger ‘17]
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Up to an overall normalization, the Mellin transformed packets
are gauge equivalent to conformal primary wavefunctions:

aw—+b aw+b
cw—+d éw+d

ha (A“‘;,X"

uvia

) (cw + d)*M(ew + d)%A PATHEE (XH; w, D)

po;a

1

We can construct a 1:1 map between single particle states and
local cCFT operators with weights on the principal series.

Acl+1R

We call this the conformal basis.

) =1 _
[SP, Shao ‘17] (hh)=-@+]5-))
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By writing m=0 S-matrix elements as 4D correlators of light
ray operators (vs LSZ), we see an extrapolate dictionary.

(Ola— (wss)as (wady)-..

 /...a_(wr1é1)ar(wai2)|0)

a_(wz) = mi(l + 22)? /_0:0 due"Csz(u, &) {(Wk’ Wk)) Ak’]k}

The u direction is traded for a continuous spectrum of weights.
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If you hand me an amplitude, | can then do an integral transform
to tell you the corresponding Celestial CFT correlator.

A(A;, ;) = H/ dwpws ™t A(Fwrgl)
k=170

This transform probes scattering at all energy scales, puts the
IR symmetry enhancement front and center, and gives a new
vantage point to examine fundamental features of scattering.

[SP, Shao ‘17] [SP, Shao, Strominger ‘17]
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Let’s explore what Celestial Holography can do for you and what
you can do for Celestial Holography!

We are ultimately united by our interest in fundamental questions:

1. What are the symmetries of nature?
2. How do black holes process quantum information?
3. What is the ultimate UV description of our universe?
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1. We've seen how the IR triangle helps us identify new
symmetries of the S-matrix.

2. We have also pointed out that these symmetries constrain
black hole evaporation and that the soft sector of phase _ 4
space is relevant to the experience of an infalling observer. ©

. We will now turn to open and active questions surrounding
what makes for a consistent celestial amplitude and how
this might constrain the UV behavior of scattering.

[SP, Strominger, Zhiboedov ‘15] [SP ’15] [SP, Verlinde ‘20]
g
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The Theme
There are two (overlapping) approaches one can take

a) Complete the dictionary
i. How are CFT features encoded in amplitudes?
ii. How are amplitudes features encoded in cCFT?
iii. Can we classify cCFTs?

b) Connect to other subfields
i.  Amplitudes
ii. Bootstrap
iii. Twistors
iv. LQG
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One notices right away that Celestial CFTs are quite exotic:

i S D R
1 12734 _ g Aoc/o dss® 22w —2W6(ZA;€)

213224

Aside from the fact that conformlal dimensions are complex,
translation invariance gives strange singularities in the cross
ratios and distributional dependence on the conformal dimension.

[SP, Shao ‘“17] [SP, Shao, Strominger ‘“17]
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Celestial amplitudes are described by points on the celestial
sphere and weights in a complex plane.

(2,2) € §° AeC

One of the first things to ask is what happens at special values of
the z; and A;. A
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One sees that collinear limits are captured by Celestial OPEs and
factorizations at special A probe (sub)leading soft theorems.

(2,2) € §° AeC

Moreover, stringy UV behavior tames the Mellin transform!

[Stieberger, Taylor ‘18] [Fan, Fotopolus, Taylor “19] [Pate, Raclariu, Strominger, Yuan ‘19] [Puhm “19] [Guevara “19]

Pirsa: 21020004 Page 43/48



One notices right away that Celestial CFTs are quite exotic:

i R TR
1 12734 _ g Aoc/o dss® 22w —2W6(ZA;€)

213224

Aside from the fact that conformal dimensions are complex,
translation invariance gives strange singularities in the cross
ratios and distributional dependence on the conformal dimension.

[SP, Shao ‘“17] [SP, Shao, Strominger ‘“17]
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The Ideology

If we stick to the mindset that we have some exotic CFT and are
willing to re-derive things we might take for granted about 2D
CFTs, we see lovely results.

In particular, it is very useful to progress from transforming]E
particular amplitudes to transforming generic features of
amplitudes.
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One sees that collinear limits are captured by Celestial OPEs and
factorizations at special A probe (sub)leading soft theorems.

(2,2) € §° AecC

Moreover, stringy UV behavior tames the Mellin transform!

[Stieberger, Taylor ‘18] [Fan, Fotopolus, Taylor “19] [Pate, Raclariu, Strominger, Yuan ‘19] [Puhm “19] [Guevara “19]
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The list goes on!

« ASG questions can be translated to the conformal basis
 Double Copy relations persist for celestial amplitudes
* Null state relations constrain celestial CFT correlators

And there are many open questions...

[Banerjee, Pandey, Paul “19][Donnay, SP, Puhm ‘20] [Casali, Puhm ‘20] [SP, Puhm 20] [SP, Puhm, Trevisani]
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The Cliffhanger

What do factorization channels look like for celestial amplitudes?
Should we be going to (2,2)?

Can we define a Booststrap program?

Can we make a nice connection to edge modes?

I
Celestial Holography Workshop: Arkani-Hamed, Strominger, SP, Freidel...
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