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Intro and motivations

Quantum gravity in 4d asymptotically flat spacetimes

Black holes
Our understanding of quantum properties of black holes goes

hand-in-hand with the spectacular advances of the

holographic or AdS/CFT correspondence.

A3
SBH = A7

— ‘Primordial holographic relationship’

[Bekenstein][Hawking]

Problem: realistic black holes (e.g. Kerr) do not possess an AdS decoupling region.

>s Event Horizon Telescope

— need to develop a holographic correspondence for flat spacetimes
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Holographic principle

Anti-de Sitter
in d dimensions
The holographic principle

Quantum gravity is encoded in
=—> | adifferent theory that lives in a
lower-dimensional spacetime.

[t Hooft ‘93; Susskind '94; Maldacena '97]

‘ conformal boundary
in d-1 dimensions
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time ¢
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes?
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes?

Early attempts:

[Susskind ‘99][Polchinski ‘99][Giddings '99]

[de Boer, Solodukhin ‘03][Arcioni, Dappiaggi ‘03 '04]
[Dappiaggi, Moretti, Pinamonti '06][Mann, Marolf '06]...
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes?

Early attempts:
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes?

Early attempts:
[Susskind “99][Polchinski “99][Giddings "99] Minkowski AdS
[de Boer, Solodukhin ‘03][Arcioni, Dappiaggi ‘03 '04]

[Dappiaggi, Moretti, Pinamonti '06][Mann, Marolf '06]...
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes?

two natural boundaries/proposals
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes?

two natural boundaries/proposals
null infinity

lighlike 3d hypersurface

54
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

null infinit .
Y celestial sphere
lighlike 3d hypersurface Euclidean 2-sphere
57
2 .4
J
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

null infinit .
Y celestial sphere
lighlike 3d hypersurface Euclidean 2-sphere
57
2.4
4

4d bulk/3d holography: ‘Carroll holography’

Dual: 3d ‘BMS field theory’

[Arcioni, Dappiaggi ‘03 '04] [Dappiaggi, Moretti, Pinamonti ‘06][Mann, Marolf '06]
[Bagchi, Basu, Kakkar, Melhra '16] [Bagchi, Melhra, Nandi’20] [LD, Fiorucci, Herfray,
Ruzziconi’22][Bagchi, Banerjee, Basu, Dutta ‘22][...]
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

null infinit .
Y celestial sphere
lighlike 3d hypersurface Euclidean 2-sphere
54
2.4
/!
4d bulk/3d holography: ‘Carroll holography’ 4d bulk/2d holography: ‘celestial holography’
Dual: 3d ‘BMS field theory’ Dual: 2d ‘celestial CFT’
[Arcioni, Dappiaggi ‘03 '04] [Dappiaggi, Moretti, Pinamonti "06][Mann, Marolf "06] [Strominger "17] [Pasterski, Shao, Strominger '17] [Pasterski, Shao '17] [...]

[Bagchi, Basu, Kakkar, Melhra '16] [Bagchi, Melhra, Nandi’20] [LD, Fiorucci, Herfray,
Ruzziconi’22][Bagchi, Banerjee, Basu, Dutta ‘22][...]
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

null infinit .
Y celestial sphere
lighlike 3d hypersurface Euclidean 2-sphere
54
2.4
/!
4d bulk/3d holography: ‘Carroll holography’ 4d bulk/2d holography: ‘celestial holography’
Dual: 3d ‘BMS field theory’ Dual: 2d ‘celestial CFT’
[Arcioni, Dappiaggi ‘03 '04] [Dappiaggi, Moretti, Pinamonti "06][Mann, Marolf "06] [Strominger "17] [Pasterski, Shao, Strominger '17] [Pasterski, Shao '17] [...]

[Bagchi, Basu, Kakkar, Melhra '16] [Bagchi, Melhra, Nandi’20] [LD, Fiorucci, Herfray,
Ruzziconi’22][Bagchi, Banerjee, Basu, Dutta ‘22][...]

Features: easier link to AdS/CFT ©
treatment of fluxes ®
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

null infinit .
Y celestial sphere
lighlike 3d hypersurface Euclidean 2-sphere
57 4
Z 4
4d bulk/3d holography: ‘Carroll holography’ 4d bulk/2d holography: ‘celestial holography’
Dual: 3d ‘BMS field theory’ Dual: 2d ‘celestial CFT’
[Arcioni, Dappiaggi ‘03 '04] [Dappiaggi, Moretti, Pinamonti "06][Mann, Marolf ‘06] [Strominger "17] [Pasterski, Shao, Strominger '17] [Pasterski, Shao '17] [...]
[Bagchi, Basu, Kakkar, Melhra '16] [Bagchi, Melhra, Nandi’20] [LD, Fiorucci, Herfray,
Ruzziconi’22][Bagchi, Banerjee, Basu, Dutta ‘22][...]
Features: easier link to AdS/CFT © Features: powerful CFT techniques at hand ©
treatment of fluxes ® role of translations obscured ®
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Goals of this talk

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

null infinit .
Y celestial sphere
lighlike 3d hypersurface Euclidean 2-sphere
p ®
< g Z .48
/
2 1
4d bulk/3d holography: ‘Carroll holography’ 4d bulk/2d holography: ‘celestial holography’
Dual: 3d ‘BMS field theory’ Dual: 2d ‘celestial CFT’
[Strominger '17] [Pasterski, Shao, Strominger '17] [Pasterski, Shao '17] [...]
Features: easier link to AdS/CFT © Features: powerful CFT techniques at hand ©
treatment of fluxes ® role of translations obscured ®
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Salvador Dali, illustrations for Alices Adventures in Wonderland, 1969:

Outline

1. BMS & the S-matrix

2. Celestial holography

3. BMS fluxes vs celestial currents

4. Towards Carrollian holography

based on

2108.11969 w/ Romain RUZZICONI

2202.04702 PRL(2022) & to appear
w/ Adrien FIORUCCI, Yannick HERFRAY & Romain RUZZICONI

2205.11477 w/ Kevin NGUYEN & Romain RUZZICONI




Salvador Dali, illustrations for Alice’s Adventures in Wonderland, 1969:

Outline

1. BMS & the S-matrix




Gravitational solution space

Asymptotically flat spacetimes in Bondi gauge:

r — 00 (u,fr,:cA), a:A:(z,i)

[Bondi, van der Burg, Metzner '62] [Sachs '62]
[Barnich, Troessaert '10]

ds* = —du® — 2dudr + 2r*~y.; dzdz

2M
+Z—du?® +rC..dz* + D*C, . dudz
r

1
4

T

1 /4
+— (3(4\; + ud.mp) — az(szsz)) dudz + c.e. + - ..

BONDI  METZNER

SACHS
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[Bondi, van der Burg, Metzner '62] [Sachs '62]

Gravitational solution space [Barnich, Troessaert ‘10]

Asymptotically flat spacetimes in Bondi gauge:

r — 00 (u,fr,a:A), a:A:(z,i)

ds* = —du® — 2dudr + 2r*~y.; dzdz

2M
TD

1 /4 1
+— (3(;\; —+ ’U-@ZT?IB) — _182:(()2:2:()22:)) dudz +cc.+---
r ,

The Bondi mass and angular momentum aspects satisfy

O, M = —%NABNAB + i@ASBNAB : /

1 1
OulNa = 04 M + EaA(NBOCBc) — ZNBCaACBC Nip=0,Cun

Bondi news: encodes gravitational

1 1 1
— ZaB(CBCNAC — NPCCyc) — ZaBaBaCCAC T ZaBaAaCCBC waves!
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[Bondi, van der Burg, Metzner '62] [Sachs '62]

Gravitational solution space [Barnich, Troessaert '10]
Asymptotically flat spacetimes in Bondi gauge: (u,r, ;EA) : A = (2,2) N
ds* = —du® — 2dudr + 2r°vy.: dzdz
2M
+Z—du?® +rC..dz* + D*C..dudz
-
L 74 . 1, " i% < i0
+— g(i\-’z +ud.mp) — ZOZ(CZZC“) dudz +c.c. + - --
. ,

BMS symmetries:

Ponesdd. = 4 knsralokiono o € Lountz

T [
BMS = Wgwp&"a\ow Mfer;dc&mo

g(-ﬁ) _ T(i‘, iﬁu §(7'> = y% (2) 2% -I-%DZ\/% ’3,,k +c.C.

CUPER TRANS LATIONS SUPERROTATIONS

[ ®aownich, Tnoeshaenk *08)
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BMS = conformal Carrollian symmetries

light cones

[Levy-Leblond ’65] Carrollian spacetime Galilean spacetime

(space is absolute) (time is absolute)

[fig. Yannick Herfray ]
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BMS = conformal Carrollian symmetries

" BMS symmetries = conformal symmetries of a Carrollian structure at null infinity
[Geroch] [Penrose][Duval, Gibbons, Horvathy] [Hartong] [Ciambelli, Leigh, Marteau, Petropoulos] [Morand] [Herfray]...

z® = (u,z,2) light cones
Jab : a degenerate metric Gapdz®dz? = 0 x du? + 2v,:dzdz \7/ \/
a vector field satisfying qab’nb =0 n =0, S o
O b

[Levy-Leblond ’65] Carrollian spacetime Galilean spacetime

(space is absolute) (time is absolute)

[fig. Yannick Herfray ]
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BMS = conformal Carrollian symmetries

" BMS symmetries = conformal symmetries of a Carrollian structure at null infinity
[Geroch] [Penrose][Duval, Gibbons, Horvathy] [Hartong] [Ciambelli, Leigh, Marteau, Petropoulos] [Morand] [Herfray]...

z® = (u,z,2) light cones
Jab : a degenerate metric Gapdz®dz? = 0 x du? + 2v,:dzdz \7/ \/
a vector field satisfying qab’nb =0 n =0, S o
A WA N
N b
Conformal Carrollian symmetries:
Leqab = 20qqp  Lgn = —an”
o= 3(DY + DY)
£ = [T+ %(Dy + DY)| 0, + YO+ YO [Levy-Leblond '65] Carrollian spacetime Galilean spacetime
(space is absolute) (time is absolute)

[fig. Yannick Herfray ]
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

[Fig: Adrien Fiorucci]
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM

ds® = —du® — 2dudr + 2r%v.: dzdz

2M T

; du® +rCl.dz* + D*Cdudz + - --

_|_

§F=T"(z2)0,

@ Relating the past and the future o
A |

ds® = —dv® + 2dvdr + 2T2fyzgdzd2
2M~

r

i g_ — T_(Zaz)av

+

dv? +rC..d2* — D*C_dvdz + - - -
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d Z\/’?TM

ds® = —du® — 2dudr + 2r%v.: dzdz

M
r

+ du® +rCl.dz* + D*Cdudz + - --

§F=T"(z2)0,

@ Relating the past and the future .

< - > 0

ds® = —dv® + 2dvdr + 27‘27ngde
oM~

r

i g_ — T_(Zaz)av

+

dv? +rC..d2* — D*C_dvdz + - - -
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM

ds® = —du® — 2dudr + 2r%v.: dzdz

M
r

+ du® +rCl.dz* + D*Cdudz + - --

§F=T"(z2)0,

j—F
i ~
@ Relating the past and the future 0 g _________________ 0
Antipodal matching conditions TN
_|_

]\{(v:z,zﬂf; = M*(u,2,2)| 4+
T (2, 5),;@: TH(2,2)| g+ ds® = —dv® + 2dvdr + 2r?~,zdzdz
2M~

dv? +rC..d2* — D*C_dvdz + - - -
,

[Strominger "14]; see also [Herberthson, Ludvigsen ‘92]
[Troessaert ‘18][Henneaux, Troessaert ‘18][Prabhu ‘19]

[Kroon, Mohamed ‘21][Capone, Nguyen, Parisini 22]... i~ g— — T (Z Z)@U
: ,
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM

ds® = —du® — 2dudr + 2r%v.: dzdz

M
r

+ du® +rCl.dz* + D*Cdudz + - --

§F=T"(z2)0,

j—F
i ~
@ Relating the past and the future 0 g _________________ 0
Antipodal matching conditions TN
_|_
]\{(v:z,zﬂf; = M*(u,2,2)| 4+ . B
] @r =Qr |
T (2, Z),;g: TH(2,2)| 4+ S 2\ ds®> = —dv? + 2dvdr + 27‘2fyzgdzd2
- A\
ol 2M~
[Strominger "14]; see also [Herberthson, Ludvigsen ‘92] X +— dv? + rC;sz —D*C__dvdz +---
[Troessaert ‘18][Henneaux, Troessaert ‘18][Prabhu ‘19] ' '
[Kroon, Mohamed ‘21][Capone, Nguyen, Parisini 22]... i~ £ = T (Z, Z)&U
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BMS and the scattering problem

Prime example:

= Souk|Sliny
ook paace (WM; w-r0)

%-— SOFT x
PolE

The leading soft graviton theorem [Weinberg ‘65]
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BMS and the scattering problem

Prime example:

The leading soft graviton theorem [Weinberg ‘65]
n hard particles (px) + external graviton (q)

lim A, 1(q) = S A + O(¢”)

nou
g(0) Z PyPyEpv(q)

[
—~  pr-q

= Souk|Sliny
ook paace (W‘ng w-r0)

%-— SOFT x
PolE
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BMS and the scattering problem

Prime example:

The leading soft graviton theorem [Weinberg ‘65] ¥ <°uH S"'"’?
n hard particles (px) + external graviton (q) + ook padace (W\U‘ﬁg w-r 0)
lim A =S4, +0(¢°
lim A 1(g) =5 A (q”) -
S(U) - Z pflaf.ngf“/(@ POLG

.+ (
k=1 Pk -4

is nothing but the Ward identity associated to supertranslation symmetry [He, Lysov, Mitra, Strominger ‘15]
(out|Q+S — SQ7lin) = 0

supertranslation charge

R
QT_47TG/d 2y TM
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3 languages for the same IR physics [Strominger ‘18]

Asymptotic symmetries

General Relativity

supertranslations

[Bondi-Metzner-Sachs ‘62]
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3 languages for the same IR physics

[Strominger ‘18]

Asymptotic symmetries Soft theorems
General Relativity Quantum Field Theory
supertranslations leading soft graviton
theorem

[Bondi-Metzner-Sachs ‘62]
[Weinberg '65]
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3 languages for the same IR physics [Strominger ‘18]

Asymptotic symmetries Soft theorems Memory effects
supertranslations leading soft graviton displacement memory
_ theorem oy -
[Bondi-Metzner-Sachs ‘62] [Zel'dovich, Polnarev, Braginskii, Thorne,
[Weinberg '65] Christodoulou] ... 70s —90s
: Grav'itation'al-wav; signa'I VS. ﬁf:1€ ' ) ' total si.gnal :
T I ﬂ /((wsci]lamr_\' +memory) |
I 24
’ = 50FT x :¥<

Pol.€ il
w _, o The memory slowly builds up during 9
the inspiral, grows rapidly during the o
0. merger, and saturates to its final value]

3 10007800 5000 00 3000 300400045 ao,d uring “:c ringdo.w N "

ACAB % O 3800 3900 /M 4000

[Favata, '10]
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Salvador Dali, illustrations for Alice’s Adventures in Wonderland, 1969:

Outline

2. Celestial holography




Celestial Holography

Celestial sphere CS?

Z
Future null infinity/

Z = Rx S?

&
\ Symmetry observation

The 4d Lorentz group
actson CS? the 2d
conformal group:

az+b

Cbe =1
cz+d’ ad = be

SL(2,C)

z —
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Celestial Holography

The 4d spacetime S-matrix is encoded in a 2d ‘Celestial Conformal Field Theory’

CSQ: Celestial Sphere

(out|S|in)
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Basis for celestial holography

Holographic basis: A—1 Mellin transform de Boer, Solodukhin
dw 9 . Cheung, de la Fuente, Sundrum
W: energy Pasterski, Shao, Strominger

0
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Basis for celestial holography

o)

Holographic basis: A—1 Mellin transform de Boer, Solodukhin
dw 9 . Cheung, de la Fuente, Sundrum
0 W: energy Pasterski, Shao, Strominger

Plane waves (null momentum p" = wq"(z, 2)) get mapped to

o0
_ . o A — : f 1 . .
\IJX(X, 2 Z) — / dw wA 1e:|:%p X i h.-l- h fzon orma lemensmn
0 (z,2) : a point on CS
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Basis for celestial holography

Holographic basis: A—1 Mellin transform de Boer, Solodukhin
dw 9 . Cheung, de la Fuente, Sundrum
0 W: energy Pasterski, Shao, Strominger

Plane waves (null momentum p" = wq"(z, 2)) get mapped to

00 _
- _ . . A — : f 1 . .
\Ili( Xz, Z) — / dew wA 1e:|:zp X - h.-l- h fzon orma lemensmn
0 (z,2) : a point on CS

which transform under SL(2, C) z _» az+d-
Ccz+d.

Uy, 5 (2.2) = (cz + d)?"(c2 + d)*M, (2, 2) 0

as primaries of weights E

- N,
(h,h)==(A+ J,A—J) 2d spin .J

1
2
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Basis for celestial holography

o are defined as [LD, Pasterski, Puhm ‘20]

Oa(z,2) = (P(X),Va(X;2,2))

bulk operator
(-, +) : Klein-Gordon inner product pushed at.#

X :apointin the bulk
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Basis for celestial holography

o are defined as [LD, Pasterski, Puhm ‘20]

Oa(z,2) = (2(X), Ta(X;2,2))

bulk operator  conformal primary
wavefunction (-, ) : Klein-Gordon inner product pushed at.%
Recall:
m .
\IJX(X, 2,Z) = / dw WA LT X X : apointin the bulk
0 pt = wqﬂ(za 2)

NB: for simplicity, | consider here only scalar operators (and some labels are sometimes omitted)
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Basis for celestial holography

o are defined as [LD, Pasterski, Puhm ‘20]

Oa(z,2) = (B(X), Ua(X;2, 7)) ~aa(z3) = /0 " o a(w, 2, 2)

bulk operator  conformal primary
wavefunction (-, ) : Klein-Gordon inner product pushed at.%
Recall:
m .
\IJX(X, 2,Z) = / dw WA LT X X : apointin the bulk
0 pt = wqﬂ(za 2)

NB: for simplicity, | consider here only scalar operators (and some labels are sometimes omitted)
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Basis for celestial holography - let’s repeat

Momentum basis

3
o) = [ s o)™ +a(p)e ]
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Basis for celestial holography - let’s repeat

= Momentum basis

3
) = | Gy ) )]

:/ Gl wdw |a(w W)e T 4 a(w ?H)Tewq'x}
2(2m)3 A o
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Basis for celestial holography - let’s repeat

= Momentum basis

3
) = | Gy ) )]

:/ a0 wdw |a(w W)e T 4 a(w ?H)Tewq'x}
2(2m)3 A o

* Celestial basis vt Mugq

d2 — c—l—zoo dA - . o -
/ f 9 U’Q—A(U*’)\IJZ(X5W) ‘|'(1-2—A(’w)“DA(X5w)}

z27r
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Basis for celestial holography - let’s repeat

= Momentum basis

3
) = | Gy ) )]

:/ a0 wdw |a(w W)e T 4 a(w ?H)Tewq'x}
2(2m)3 A o

* Celestial basis vt M.,/gq

d2 — c—l—zoo dA - . o -
/ f . QQ—A(U*’)\IJZ(X?LU) ‘|'(1-2—A(’w)“DA(X5w)}

z27r
oo oo
UL (X;0) = / dw wS " LeFiwaX ap (W) = / dw w™La(w, )
0 0
Mellin of plane waves Mellin of ladder operators
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Basis for celestial holography - let’s repeat

= Momentum basis

d*p - P = wq" (W)
O(X)= [ —=—lalp)e” ™ +a(p)le ¥
%) / (2m)32p? a(p)e (p)'e | Ladder operators
d?w . o _ ip-X
= / 2(2;33(,«)(1@ [a(w;zﬁ)ewq'X + a(w, fzﬁ)Tewq'X} a(p) = (2(X),e™)
= Celestial basis .
Celestial operators
d2 — c+100 dA - N . e . . n ~
o [as— A (W) PR (X5 W) 4+ as—a (W) UL (X; 7)) an (W) = (®(X), UL (X;w0))
= Op,j=0(W)
UL (X;0) = / dw wh " teFwrX ap (W) = f dw w™ " ta(w, 0)
0 0
Mellin of plane waves Mellin of ladder operators
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Celestial currents fo o w1

_ 0:\" [ 9z \" _ |
Oh’B(Z,Z) ’ B % Oh,ﬁ(zaz) (h’ah)zi(A—I_JvA_‘])

Celestial currents are obtained by taking ‘conformally soft’ limits A — 7

[LD, Puhm, Strominger ‘18] - dual notion to energetically soft limit w — 0 -

QED (J =1):
A—1
 U(1) Kac-Moody current n :
J(2) = Opct,=1 ¢ (1,0) (J(2)01++ On) =) 7o O On)
k=1

Celestial version of Weinberg’s soft photon theorem!

Laura Donnay (SISSA)
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Celestial currents

_ 0:\" [ 9z \" _ |
Oh’B(Z,Z) ’ B % Oh,ﬁ(zaz) (h’ah)zi(A—I_JvA_‘])

Celestial currents are obtained by taking ‘conformally soft’ limits A — 7

[LD, Puhm, Strominger 18] - dual notion to energetically soft limit w — 0 -
Gravity (J = 2): [mm e e e e e e e e e, ————————— -
A—1 ' _ _ 1 -
| P(sz)oh,ﬁ(wvw) ™~ m0h+%,ﬁ+%(waw) l
e Supertranslation current l :
P(Za 2) = afoé:l,Jﬂ Celestial version of Weinberg’s
3 1 3 1 : i
(57 —z+ 1) = (53 i) (leading) soft graviton theorem!

[Strominger ‘14][He, Lysov, Mitra, Strominger ‘15]
[LD, Puhm, Strominger ‘18][Stieberger, Taylor ‘19]
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Celestial currents

_ 0:\" [ 9z \" _ |
Oh’B(Z,Z) ’ B % Oh,ﬁ(zaz) (h’ah)zi(A—I_JvA_‘])

Celestial currents are obtained by taking ‘conformally soft’ limits A — 7
[LD, Puhm, Strominger ‘18] - dual notion to energetically soft limit w — 0 -

Gravity (J = 2):
« 2d stress tensor T'(z) : (2,0)!!

[LD, Puhm, Strominger][Stieberger, Taylor]
[Kapec, Mitra, Raclariu, Strominger][Cheung, de la Fuente, Sundrum][Fotopoulos, Stieberger,Taylor]
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Celestial currents

_ 0:\" [ 9z \" _ |
Oh,ﬁ(zaz) ’ B % Oh,ﬁ(zaz) (h’ah)zi(A—I_JvA_‘])

Celestial currents are obtained by taking ‘conformally soft’ limits A — 7
[LD, Puhm, Strominger ‘18] - dual notion to energetically soft limit w — 0 -

Gravity (J = 2):
« 2d stress tensor T'(z) : (2,0)!!

This promotes celestial
operators to full Virasoro
primaries on the celestial
sphere!

[LD, Puhm, Strominger][Stieberger, Taylor]
[Kapec, Mitra, Raclariu, Strominger][Cheung, de la Fuente, Sundrum][Fotopoulos, Stieberger,Taylor]
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Summary: celestial holography

Loik]S ) im?

e, @]
/ dww? 1
0

The soft sector of scattering is captures by celestial currents A — 7
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Salvador Dali, illustrations for Alices Adventures in Wonderland, 1969:

Outline

3. BMS fluxes vs celestial currents

based on

2108.11969 w/ Romain RUZZICONI

2205.11477 w/ Kevin NGUYEN & Romain RUZZICONI




Question

Which objects from the gravitational phase space

ds* = —du® — 2dudr 4 2r°v.: dzdz
2M

+Z—du?® +rC..dz* + D*C,.dudz
”
L /4 . 1, "
+— (3(4\2 -+ ’u@z.m,B) — 402(6220“)) (1’11,(12{ +c.c.+ - --
. ,

transform as conformal primaries under the action of extended BMS symmetries?

_ 22 \" 0z \" _
Op (2, 2) = 947 95 Oni(2,2)
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Question

Which objects from the gravitational phase space

ds* = —du® — 2dudr 4 2r°v.: dzdz

2M
+Z—du?® +rC..dz* + D*C,.dudz
”
L /4 . 1, "
+— (3(4\3 + ’u.az-n?,B) — 402((?22(?4'4)) (1’11,(12{ +c.c.+ -
. ,

transform as conformal primaries under the action of extended BMS symmetries?
h N
~ 0z 0z _
Oni+ (55) (55) Oualerd

How are they related to the celestial CFT currents? P(Z 5) : (
What is their algebra? ’
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BMS extended symmetries

BMS symmetries act as
. ¢ =T+ 50V + V)= f
O(pyvyCap = [fOu + Ly — §DCYC]CAB —2DADgpf + GapDc D f, E—Y+Or Y, E=Y+0rY,
1 & = —Z(0Y +0Y) + O(r"),

O(r.v)Nap = [fOu + LyINap — (DaDpDcY = - 4ap DD DpY ™), 2

: 3
(5(f’y)M = f&u + Ly + EDGYC]M BMS symmetry generators
+5DeDpDAYACPC 4+ INAPDADpf + 5 DafDpN*P,
3
O(p.x)Na = [fOu+ Ly + DeY “IN4 +3MDaf - 1

1 1
— EDADBYBCCDCOD + Z(QDBJC + DBDCDCf)CAB
3

3
= 3DBf(DPDYCac = DaDoCPC) + 2DA(DeDp fCP)
1 1
—(DaDpf — =
+ 2( aDpf =3

DAfNpcCPC

. 1
DcDC fiap)DcCBC + §DBfNBCCAc-
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BMS charges and fluxes
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BMS charges and fluxes

= At each cut {u = constant} of # T, the prescription for BMS charges is

[Barnich, Troessaert '11] [He, Lysov, Mitra, Strominger '14] [Kapec, Lysov, Pasterski, Strominger '14]
[Compere, Fiorucci, Ruzziconi ’19 ’20] [Campiglia, Peraza '20] [LD, Ruzziconi ’21]
[Fiorucci '21] [Freidel, Pranzetti, Raclariu “21] [LD, Nguyen, Ruzziconi ’22]

Q¢ A’z 2T M+ YN + VN,

- 87TG S

1 __
M = M —+ g(czzsz + Oggsz)
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BMS charges and fluxes

= At each cut {u = constant} of # T, the prescription for BMS charges is

[Barnich, Troessaert '11] [He, Lysov, Mitra, Strominger '14] [Kapec, Lysov, Pasterski, Strominger '14]
[Compere, Fiorucci, Ruzziconi ’19 ’20] [Campiglia, Peraza '20] [LD, Ruzziconi ’21]
[Fiorucci '21] [Freidel, Pranzetti, Raclariu “21] [LD, Nguyen, Ruzziconi ’22] 9

Qe = 22T M+ YN + YN],

TG

1 __
M =M —+ g(C’zzsz -+ ngsz)
_ 1 _ _
N: Ng—u3M+—ngaC z 1 3(CZZCZ’Z)

+§5[(a2__zvzz)oz (325 N=2) ]
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BMS charges and fluxes

= At each cut {u = constant} of # T, the prescription for BMS charges is
1 I
=— [ d®z[2TM+IN +IN],
Q= g [ P2TMAIN + N

M=M+ %(szsz + C::N*)
N = Nz—uéM—F%sznger%5(szczz)
[ e e

[Fig: Adrien Fiorucci]

= Qutgoing radiation —> BMS charges are not conserved but satisfy flux balance laws

Laura Donnay (SISSA)
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BMS charges and fluxes

= At each cut {u = constant} of # T, the prescription for BMS charges is
1 I
= — | &®22TM+IN +IN],
Q= g [ P2TMAIN + N

M=M+ %(szsz + C::N*)
N = Nz—uéM—F%sznger%5(szczz)
[ e e

[Fig: Adrien Fiorucci]

= Qutgoing radiation —> BMS charges are not conserved but satisfy flux balance laws

"The integrated BMS fluxes are

+oo
ng/ du@quz/SdQZ[TP+yj+yj]

—CO

Laura Donnay (SISSA)

Gravitational S-matrix, celestial CFT & Carrollian holography



BMS charges and fluxes

= At each cut {u = constant} of # T, the prescription for BMS charges is
1 I
= — | &®22TM+IN +IN],
Q= g [ P2TMAIN + N

M=M+ %(szsz + C::N*)
N = Nz—uéM—F%szészJr%5(szczz)
[ e e

[Fig: Adrien Fiorucci]

= Qutgoing radiation —> BMS charges are not conserved but satisfy flux balance laws

] i e
The integrated BMS fluxes are D — 1 dud,M  :‘supermomentum flux’
Lo - AnG ) _ o
Fe = / du D, Qe — / R2[TP+ VT + V) 1
— o0 S J=— du O, N  : ‘superangular
871G ) oo momentum flux’
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BMS fluxes as primaries

= So, we have constructed BMS fluxes

I
P=— du 0, M  :‘supermomentum flux’
4G ) _
1 [
J=— dud, N ‘superangular momentum flux’
817G J_ o

= They transform as primary fields under the action of superrotations!  [Barnich, Ruzziconi’21] [LD, Ruzziconi’21]

Oy 3)Pn.n = (YO + Vo + hdY + 555))6’5;,,,;,,
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BMS fluxes as primaries

= So, we have constructed BMS fluxes

1 [
P = —— du 0,M  :‘supermomentum flux’
AnG | _
1 [T
J=— dud, N ‘superangular momentum flux’
8tG ) o
= They transform as primary fields under the action of superrotations!  [Barnich, Ruzziconi’21] [LD, Ruzziconi’21]

Sy )b = (VO + B+ hdY + hdV)g,
Uuing. Khe prie e ”‘3"‘*%"””"4 ’“’*”8"‘“"‘3"‘::’5 . @
PR REARE DY TMesDDDY et NTODE D TN
S Cne L%y - 4 N Ge -2Dalg + 4, D DL
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BMS fluxes as primaries

= So, we have constructed BMS fluxes

I
P=— du 0, M  :‘supermomentum flux’
4G ) _
1 [
J=— dud, N ‘superangular momentum flux’
817G J_ o

= They transform as primary fields under the action of superrotations!  [Barnich, Ruzziconi’21] [LD, Ruzziconi’21]
Sy i = (YO + YO+ hdY + hdY)¢,, ;,
s, khe. phore. M2 u%mkt.wwxal krmgdt«naﬁ:\cf) . l "
Sy =Lt By 3 TMLD DY C A NTODG DN
J C o C
S G TP - 4D TGe -2 DAY + 4 DeD'g

i _= 3 3 == 33\ .
one can check indeed that 97y )P = _ya + Y0 + 553} + 533)]77 : (57 5) primary

L 1 3.
Sy 3y = |Y0+V0+20Y+109|T + STOP+SOTP :(2,1) primary

Gravitational S-matrix, celestial CFT & Carrollian holography
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Summary ...and a remaining question

= Which objects from the gravitational phase space transform as conformal primaries
under the action of extended BMS symmetries?
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Summary ...and a remaining question

= Which objects from the gravitational phase space transform as conformal primaries
under the action of extended BMS symmetries?

Answer: The following BMS fluxes

dud N | (2,1)

. 1 [T _ (3 3) 1 [T

- — h,h = = —
ArG ) du0uM (1) 877G J_ o
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Summary ...and a remaining question

= Which objects from the gravitational phase space transform as conformal primaries
under the action of extended BMS symmetries?

Answer: The following BMS fluxes

du O, N (2,1)

. 1 [T _ (3 3) 1 [T

- — h,h = = —
ArG ) du0uM (1) J 877G J_ o

= How are they related to the celestial CFT currents? What is their algebra?

The answer to these questions requires

Laura Donnay (SISSA) Gravitational S-matrix, celestial CFT & Carrollian holography



Summary ...and a remaining question

= Which objects from the gravitational phase space transform as conformal primaries
under the action of extended BMS symmetries?

Answer: The following BMS fluxes

du O, N (2,1)

. 1 [T _ (3 3) 1 [T

- — h,h = = —
ArG ) du0uM (1) J 877G J_ o

= How are they related to the celestial CFT currents? What is their algebra?

The answer to these questions requires

@ a refined analysis of the radiative phase space with superrotations
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Summary ...and a remaining question

= Which objects from the gravitational phase space transform as conformal primaries
under the action of extended BMS symmetries?

Answer: The following BMS fluxes

1 [T _ (3 3) 1 [T

- hoh)y=(2,° - 3 2,1
P=trg/ M| 0 T=%al _ dud N | (2,1)

= How are they related to the celestial CFT currents? What is their algebra?

The answer to these questions requires

@ a refined analysis of the radiative phase space with superrotations

@ a crucial between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as
Virasoro primaries
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= the “shifted news” is defined so as stay zero for any vacuum configuration
[Compére, Long ‘16][Compeére, Fiorucci, Ruzziconi ‘18]

o~

N..(u,x) = Nyy(u,z) — NJ9(x)

tracefree part of the Geroch tensor

Laura Donnay (SISSA) Gravitational S-matrix, celestial CFT & Carrollian holography



Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= the “shifted news” is defined so as stay zero for any vacuum configuration
[Compére, Long ‘16][Compeére, Fiorucci, Ruzziconi ‘18] 3

o~

N..(u,x) = Nyy(u,z) — NJ9(x)

tracefree part of the Geroch tensor
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= the “shifted news” is defined so as stay zero for any vacuum configuration
[Compére, Long ‘16][Compeére, Fiorucci, Ruzziconi ‘18] 3

ON.. = (fOu + Ly)N- <

tracefree part of the Geroch tensor K

o~

N..(u,x) = Nyy(u,z) — NJ9(x)

= fall-offsas ©u — +00:
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= the “shifted news” is defined so as stay zero for any vacuum configuration
[Compére, Long ‘16][Compeére, Fiorucci, Ruzziconi ‘18] 3

ON.. = (fOu + Ly)N- <

o~

N..(u,x) = Nyy(u,z) — NJ9(x)

tracefree part of the Geroch tensor

« fall-offsas u — +00: N.. = N +o(u"?) C..=(u+Cye)N"" —20°Cy +o(u™) -

value of the supertranslation field at fj—f
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= the “shifted news” is defined so as stay zero for any vacuum configuration
[Compére, Long ‘16][Compeére, Fiorucci, Ruzziconi ‘18] 3

ON.. = (fOu + Ly)N- <

o~

N..(u,x) = Nyy(u,z) — NJ9(x)

tracefree part of the Geroch tensor

« fall-offsas u — +00: N.. = N +o(u"?) C..=(u+Cye)N"" —20°Cy +o(u™) -

NB: no “gravitational tails value of the supertranslation field at fj—f
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= the “shifted news” is defined so as stay zero for any vacuum configuration
[Compére, Long ‘16][Compeére, Fiorucci, Ruzziconi ‘18] 3

ON.. = (fOu + Ly)N- <

o~

N..(u,x) = Nyy(u,z) — NJ9(x)

tracefree part of the Geroch tensor

« fall-offsas u — +00: N, = N""“ 4+ o(u™?) C..=(u+Cye)N"" —20°Cy +o(u™) -

NB: no “gravitational tails”
O "gravitational talls value of the supertranslation field at f;

= we also define [Compére, Fiorucci, Ruzziconi ‘18][Campiglia, Laddha ‘21][LD, Nguyen, Ruzziconi ‘22]

~

Ozz = Uzz — UN;;M o O(O)
Y =-2*(Cy +C)

9 : “superrotation covariant derivative”
[Campiglia, Peraza ‘20][LD, Ruzziconi ‘21][Barnich, Ruzziconi '21]
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

1 - -
hard

— d sz zZz
l 167rG/ “

1

soft _
P 8

@2./\/;—52) /,J\/}Fg) = /dUsz

leading soft graviton operator
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

- 3 3o
phard _ 1 /duN 7 5(T’y’j)phm“d/80ft — Y0+ VI + “9Y + “dy|phard/soft
167G e 2 2

1

soft _
P 8

@2./\/;—52) /,J\/}Fg) = /dUsz

leading soft graviton operator
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

__ 3 3__
Phaﬂrd _ 1 /du sz ”22 6(T’y’3—;)73ha7"d/30ft — |:ya + ya + 583} + §ay zPhaTd/soft
16mG ‘
polt = 2N D NiZ = / dulzz =i =(5.))
( L 81G A 2’ 2
(2 2) leading soft graviton operator
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

__ 3 3__
Pha“rd _ 1 /dusz ~22 6(T’y’3_;)73ha7"d/soft _ |:ya_|_ya_|_ §8y_|_ §ay zPhaTd/soft
16mG ‘
proft = L _g2pt9 N = / A
(. - 87TG zZZz /I ZZz 9 9
(2 2) leading soft graviton operator
= Remember: ‘supertranslation current’
. (31 _ _ 1 _
A—1 P(z,2):(55) P(2,2)0, j(w,w) ~ —(z — w)oh+%,ﬁ+%(w’w)

8“’3&;{) -0 + D
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

jha’rd 1 /du [ﬁézzaﬁgg + — 9 8CZZ -+ 8( 55)]

(2,1) 167G 2
1 3 1
7s0ft _ 3 (1) < ~(0) _((_)) - _((_)) (0)
J 6-C [ D°N; ZCZZ N + 2sz @CZZ]

N}Fg) - /du Ngg <— leading soft graviton operator (E —l>

27 2

Ng(;) :/d’U,’U,Ngg <~ subleading soft graviton operator (1,—1)
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

1 ~ ~
jha’rd /du Fsz@Ngg + = 9 8CZZ + 8( 55)]

(2,1) 167G 2
1 3 1
soft _ 3 (1) 2 ~(0) (0) |, 2 Ar(0) (0)
J e [ D°N; ZC’ZZ 9N + 2sz @OZZ]

N}Fg) - /du Ngg <— leading soft graviton operator (E —l>

27 2

Ng(;) :/d’U,’U,Ngg <~ subleading soft graviton operator (1,—1)

= This leads to a corrected celestial stress tensor!!

i d2 1

T -
(2) = Ry el Z—w

(—_@31\@2,3 200 NG + N(O)@Oﬂj)

zww

(2,0)
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

1 ~ ~
jha’rd /du Fsz@Ngg + = 9 8CZZ + 8( 55)]

(2,1) 167G 2
1 3 1
soft _ 3 (1) 2 ~(0) (0) |, 2 Ar(0) (0)
J e [ D°N; ZC’ZZ 9N + 2N2z @OZZ]

j\/’ég) :/dUNgg <— leading soft graviton operator G—%)

Ng(;) :/d’U,’U,Ngg <~ subleading soft graviton operator (1,—1)

= This leads to a corrected celestial stress tensor!!

i d2 1

T -
(2) = Ry el Z—w

(—_@31\@2,3 200 NG + W@cg?g))

zww

(2,0)
old stress tensor
[Kapec, Mitra, Raclariu, Strominger '17]
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Soft fluxes and celestial currents

@ Crucial split between ‘hard’ and ‘soft’ pieces of the flux such that both transform separately as Virasoro primaries
[LD, Ruzziconi '21]

1 ~ ~
jha’rd /du Fsz@Ngg + = 9 8CZZ + 8( 55)]

(2,1) 167G 2
1 3 1
soft _ AL 4 2 (0) ) 1 Z A9 g (0)
TN = fors |~PNY + SCQIND + NP 70D
N(O) = /du N leading soft graviton operator G—%)

Ng(;) :/d’U,’U,Ngg <~ subleading soft graviton operator (1,—1)

= This leads to a corrected celestial stress tensor!!

l o 30 r(1) 0) 5 nr(0) (0) ¢ 4(0
Rl K (—_@ Naa + chuw DNy + N 2 2C)
(2,0)
old stress tensor new quadratic corrections
[Kapec, Mitra, Raclariu, Strominger '17] [LD, Ruzziconi '21][LD, Nguyen, Ruzziconi ‘22]
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Celestial stress tensor

=« This leads to a corrected celestial stress tensor!!

T(Z)__S'JTG/dez—w< P°Npw +
(2,0)

old stress tensor

200 NG +

2ww

1

“NSR2Cl) )
2

[Kapec, Mitra, Raclariu, Strominger '17]

new quadratic corrections
[LD, Ruzziconi ’21][LD, Nguyen, Ruzziconi ‘22]
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Celestial stress tensor

=« This leads to a corrected celestial stress tensor!!

1 1 1 3 0 1 0
16) = oo [ Fw— (7N e ontl + patiocy)
(2,0)
old stress tensor new quadratic corrections
[Kapec, Mitra, Raclariu, Strominger "17] [LD, Ruzziconi ’21][LD, Nguyen, Ruzziconi ‘22]

= Remarkably, the new quadratic pieces exactly account for the one-loop corrections of Cachazo-Strominger
subleading soft graviton theorem!

[LD, Nguyen, Ruzziconi ‘22][Pasterski ‘22] @

a a

(a) (b) (c)
On Loop Corrections to Subleading Soft Behavior of Gluons

and Gravitons

Zvi Bern, Scott Davies and Josh Nohle
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Celestial stress tensor

=« This leads to a corrected celestial stress tensor!!

1 1 1 3 0 1 0
16) = oo [ Fw— (7N e ontl + patiocy)
(2,0)
old stress tensor new quadratic corrections
[Kapec, Mitra, Raclariu, Strominger "17] [LD, Ruzziconi ’21][LD, Nguyen, Ruzziconi ‘22]

= Remarkably, the new quadratic pieces exactly account for the one-loop corrections of Cachazo-Strominger
subleading soft graviton theorem!

[LD, Nguyen, Ruzziconi ‘22][Pasterski ‘22] @

a a

(2) | (b) ' ()

Since it is one-loop exact, this shows that On Loop Corrections to Subleading Soft Behavior of Gluons
superrotations are genuine symmetries of

the gravitational and Gravitons

S-matrix level. Zvi Bern, Scott Davies and Josh Nohle
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Celestial CFT OPE from BMS flux algebra

= Finally, one can deduce the following OPE for the celestial CFT [LD, Ruzziconi ‘21]

P(z,Z2)P(w,w) ~ 0
P(z,2)P(w,w) ~ 0

1 _ 3/2
) O P(w, w) + - w)

1 1/2
(,z—u}d o P(w, w) + G o2

R 3/2
(z — w) (z — w)?

T(z)P(w,w) ~ P(w,w)

T(z)P(w, w) ~ P(w,w)

O P(w, z) + P(w, z),

see also [Fotopoulos, Stieberger Taylor, Zhu ‘19]
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Salvador Dali, illustrations for Alices Adventures in Wonderland, 1969:

Outline

4. Towards Carrollian holography

based on

2202.04702 PRL(2022) & to appear
w/ Adrien FIORUCCI, Yannick HERFRAY & Romain RUZZICONI




3 bases for the scattering problem

Momentum basis An = (out|S|in)

momentum

i.e. the usual formulation of the scattering amplitudes

w, 2,2, +s) = agf)(w, z,2)710)

|Z7’L> — ‘wla 215 21, :|:81> - & |wn7 Zny s :IZSn>

<Ouﬂ — <wn—|—1a “n+1 Zn—l—la :I:an,—|—1| SR (wN, ZN , ZN, :l:SN| i
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3 bases for the scattering problem

Momentum basis An = (out|S|in)

momentum

i.e. the usual formulation of the scattering amplitudes

Celestial basis My = (out|S|in)

boost

used in celestial holography, obtained via Mellin transforms

+00
Azt = ol (52 10) = [ dowd w25k
0

—+00 +o0
A1—1 An—1 i i
MN — dwl Wi 1 . dwN wNN AN loads of these (fe_lestlal amplitudes
0 0 have been explicitly computed recently
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3 bases for the scattering problem u < w < A

Momentum basis An = (out|S|in)

momentum

i.e. the usual formulation of the scattering amplitudes

Celestial basis My = (out|S|in)

boost

used in celestial holography, obtained via Mellin transforms

+00
Azt = ol (52 10) = [ dowd w25k
0

+00 +o0
My =/ dw1 wlAl_l--o/ dwNw]%N_lAN
0 0

Position space basis Cpn = (0ut|8|in>positi0n

+00 400
obtained via Fourier transforms from momentum basis CN = / dw e Wwtl, / dw N ! WNUN AN
0 0
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3 bases for the scattering problem u < w < A

Momentum basis

An = (out|S|in)

momentum

Celestial basis

My = (out|Slin)

Position space basis

boost CN = <Ouﬂ8’in>position
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3 bases for the scattering problem u < w < A

Momentum basis

An = (out|S|in)

momentum

Celestial basis Position space basis

My = (0ut|8|fin> Mellin + Fourier Cn = (0ut\8[in>

boost
400
/ du w2
—00

see also ‘extrapolate dictionary’ [Pasterski, Puhm, Trevisani ’21]

position
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Towards Carrollian holography...

Celestial basis

Mellin + Fourier
400
/ duu™2
— 00

The S-matrix has an intrinsic holographic flavor.

My = (out|S|in)

boost

In celestial holography, scattering elements
correlation functions of a ‘celestial CFT’.

Position space basis

Cn = (out|S|in)

position

are interpreted as

Laura Donnay (SISSA)
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Towards Carrollian holography...

Celestial basis < Position space basis

My = (out|S|in) Mellin + Fourier Cn = (out|S|in)

boost
“+0o0
/ duu 2
—00

The S-matrix has an intrinsic holographic flavor.

In celestial holography, scattering elements - are interpreted as
correlation functions of a ‘celestial CFT’.

position

Can we interpret S-matrix elements as correlation functions of a conformal Carrollian field theory?

[LD, Fiorucci, Herfray, Ruzziconi '22]
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Towards Carrollian holography...

Carrollian holography
S-matrix elements as correlation functions of a conformal Carrollian field theory

Dictionnary between celestial operators and conformal Carrollian fields (defined as the
boundary value at null infinity of bulk field operators)

e e e e e e e e e mm e mm e o e e e e mm Em e mm mm e mm e mm mm e mm Em e mm mm e mm e e mm = =

| + o0 |
i Ona (2, 2) x / duu™= P 5y(u,2,2)
: k—1(1+J) E—l(l—J) i
| 2 ’ 9 . [LD, Fiorucci, Herfray, Ruzziconi '22]

___________________________________________

See Romain Ruzziconi’s talk!
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Towards Carrollian holography...

Carrollian holography
S-matrix elements as correlation functions of a conformal Carrollian field theory

Dictionnary between celestial operators and conformal Carrollian fields (defined as the
boundary value at null infinity of bulk field operators)

e e e e e e e e e mm e mm e o e e e e mm Em e mm mm e mm e mm mm e mm Em e mm mm e mm e e mm = =

| + o0 |
i Ona (2, 2) x / duu™= P 5y(u,2,2)
: k—1(1+J) E—l(l—J) i
| 2 ’ 9 . [LD, Fiorucci, Herfray, Ruzziconi '22]

___________________________________________

Proof that the sourced conformal Carrollian Ward identities reproduce the celestial Ward identities

See Romain Ruzziconi’s talk!
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Towards Carrollian holography...

Carrollian holography
S-matrix elements as correlation functions of a conformal Carrollian field theory

Dictionnary between celestial operators and conformal Carrollian fields (defined as the
boundary value at null infinity of bulk field operators)

e e e e e e e e e mm e mm e o e e e e mm Em e mm mm e mm e mm mm e mm Em e mm mm e mm e e mm = =

| + o0 |
i Ona (2, 2) x / duu™= P 5y(u,2,2)
: k—1(1+J) E—l(l—J) i
| 2 ’ 9 . [LD, Fiorucci, Herfray, Ruzziconi '22]

___________________________________________

A different dictionary was proposed in [Bagchi, Banerjee, Basu & Dutta ‘22] using a “modified Mellin
transform”

n e's)
M ({ui,zi,Z@-,hz-,h?;,ei}) = H/ dw@'w?i_le_%iwiuis({Giwigzigziao'i}) — H(Qb;; B(QL@, zz,éz))
1:1 0 29702

i
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Towards Carrollian holography...

Carrollian holography
S-matrix elements as of a conformal Carrollian field theory

Dictionnary between celestial operators and conformal Carrollian fields (defined as the
boundary value at null infinity of bulk field operators)

e e e e e e e e e mm e mm e o e e e e mm Em e mm mm e mm e mm mm e mm Em e mm mm e mm e e mm = =

| +oo :
i Ona (2, 2) x / duu™= P 5y(u,2,2)
: k—1(1+J) E—l(l—J) i
| 2 ’ 9 . [LD, Fiorucci, Herfray, Ruzziconi '22]

___________________________________________

A different dictionary was proposed in [Bagchi, Banerjee, Basu & Dutta ‘22] using a “modified Mellin
transform”

n 00
M («{uz, Zis Ziyhi, by, G@}) = H /0 dw@‘w?i_le_%iwiuis ({Gz‘wi, Ziy %) Uz}) — H<¢Z,Bz (’lL@‘, Zis ZZ))
i=1 ;
while our Carrollian correlators depend only on the time — not on the celestial weights —
(cf. the map of scattering bases)
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Conclusion and outlook

Flat space holography

Very different from holography in Anti-de Sitter
(AdS acts like a box)!

Flat holography forces us to deal with leaks of
radiation through the boundary.

Infinitely many symmetry constraints beyond conformal invariance.

e.g. constraints coming from supertranslation symmetry have no analog in usual holography.

P(2)Oa(w,w) ~ z_l

w OA-I-l (w: TD)

Two roads: celestial vs Carrollian
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Some of the outstanding challenges ahead

what is a Celestial CFT? what is a CFT? Beyond kinematics? Top-down constructions?

of currents A € Z
link with AdS/CFT, dS/CFT
building representations
log

higher dimensions

particles
relationship to string theory
adding black holes

Many things remain to be understood !

We have to keep building up the celestial and Carrollian maps.
Let’s see where it leads us.

Thank you for listening!
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