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Abstract: In this talk, | will present an updated account on the prescription for BMS fluxes in asymptotically flat spacetimes, including their split
into hard and soft pieces and the associated symplectic structure. Implications for flat space holography will be discussed.
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Intro and motivations

Quantum gravity in 4d asymptotically flat spacetimes @ =  vanishing cosmological constant
A=0
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Intro and motivations

Quantum gravity in 4d asymptotically flat spacetimes = =  vanishing cosmological constant
A=0

These spacetimes are relevant

from collider physics ... ... to astrophysics
(< cosmological scales)
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Intro and motivations

Quantum gravity in 4d asymptotically flat spacetimes

Black holes

@)- Event Horizon Telescope
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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.

Ac?
6
PE T 4Gh

— ‘Primordial holographic relationship’

[Bekenstein]|[Hawking]

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

@)- Event Horizon Telescope
— need to develop a holographic correspondence for flat spacetimes .
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Holographic principle

Anti-de Sitter
in d dimensions

timet

spacer
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The holographic principle

\_,LL Quantum gravity is encoded in
- =—> | adifferent theory that livesin a
o lower-dimensional spacetime.

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

\

conformal boundary
in d-1 dimensions
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Holographic principle

Anti-de Sitter
in d dimensions

timet

spacer

Laura Donnay (SISSA)

Pirsa: 22100018

b

\..‘1“L

b

A

The holographic principle

—> How generalis it?

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

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

\

conformal boundary

in d-1 dimensions

Go beyond the canonical cases!

VS

N0 A=—0

CFT
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Holographic principle

Anti-de Sitter
in d dimensions
The holographic principle  — How general is it?

\.aLL Quantum gravity is encoded in Go beyond the canonical cases!
- =—> | adifferent theory that livesin a
o lower-dimensional spacetime. VS
[‘t Hooft ‘93; Susskind "94; Maldacena '97] A < 0 A — 0
i '\ CFT ?
D
= conformal boundary :
i in d-1 dimensions this talk
spacer
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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:
[Susskind “99][Polchinski ‘99][Giddings "99] Minkowski AdS
[de Boer, Solodukhin ‘03][Arcioni, Dappiaggi ‘03 '04]

[Dappiaggi, Moretti, Pinamonti ‘'06][Mann, Marolf '06]...

Main obstructions/difficulties:

timet

spacer
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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]...
y
Main obstructions/difficulties: =
S ™~
a{ —~ t W
@The boundary is a null hypersurface 3
"~ |
u=t-r . ‘,.J’
O
= i
3=

@There are fluxes leaking out

through the boundary spacer
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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]...

Main obstructions/difficulties: 7
t[ \’\«
@The boundary is a null hypersurface 3

U=L—1

b o
@
g
@There are fluxes leaking out i :
spacer Quantum gravity
through the boundary @ ;
in a box
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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]...

Main obstructions/difficulties:

@The boundary is a null hypersurface >
u=t-r /ffl

Quantum gravity

‘in a box'’

timet

@There are fluxes leaking out
through the boundary
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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

57

i
:
i
!
|
l
|
i
i
i
I
I
l
|
|
|
|
!
i
i
I
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

two natural boundaries/proposals
null infinit 5 :
Y ‘ celestial sphere

lighlike 3d hypersurface Euclidean 2-sphere

v
z, 3

2
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,

|
|
|
!
!
|
|
'
|
i
|
i
I
|
|
I
I
|
Ruzziconi "22][Bagchi, Banerjee, Basu, Dutta ‘22][...] !
|
|
1
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes
two natural boundaries/proposals

null infinit f :
Y celestial sphere

lighlike 3d hypersurface Euclidean 2-sphere

57

<,

2 y
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] |
[Bagchi, Basu, Kakkar, Melhra "16] [Bagchi, Melhra, Nandi ‘20] [LD, Fiorucci, Herfray, |

[Strominger '17] [Pasterski, Shao, Strominger "17] [Pasterski, Shao '17] [...]
Ruzziconi "22][Bagchi, Banerjee, Basu, Dutta ‘22][...] |
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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

0 natiiral boundarie<s/nronos<sals
) lldiUlal DOoUldal 1IEs/ pPIroplsdls

null infinit :
Y celestial sphere

lighlike 3d hypersurface Euclidean 2-sphere

I
'» Z, 2
y
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]
[Bagchi, Basu, Kakkar, Melhra "16] [Bagchi, Melhra, Nandi ‘20] [LD, Fiorucci, Herfray,
Ruzziconi "22][Bagchi, Banerjee, Basu, Dutta ‘22][...]

[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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Flat space holography

Holographic description of quantum gravity in 4d asymptotically flat spacetimes

aary natiiral hatindariae/nranncale
(WO natural bounaaries/proposails

null infinit :
Y celestial sphere

lighlike 3d hypersurface Euclidean 2-sphere

]

|

|

e

g :

|
e ———
] 2 :

2 y
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]

[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 &

[Strominger '17] [Pasterski, Shao, Strominger "17] [Pasterski, Shao '17] [...]

Features: powerful CFT techniques at hand ©
role of translations obscured ®
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Outline

1. BMS & the S-matrix

2. Celestial currents

3. BMS fluxes & phase space

based on

2108.11969 w/ Romain RUZZICONI

2205.11477 w/ Kevin NGUYEN & Romain RUZZICONI

Joan Mir¢, Bleu 11 (1961)
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[Bondi, van der Burg, Metzner '62] [Sachs '62]

Gravitational solution space P

Asymptotically flat spacetimes in Bondi gauge:

r— o0 wrs ) o =2

ds?* = —du® — 2dudr + 27‘2725 8
21

/
U Ay L€ s F D0 dudz
r

I £4. : L B
£ (S(Nz + ud,mpg) — 103((-’:3(7”)) dudz + c.c. + - --
i :

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

Gravitational solution space T

Asymptotically flat spacetimes in Bondi gauge:

r— 00 Wz ), o =22

ds? = —du® — 2dudr + 2r%v,;dzdz
210

i
+2— du? 4+ rC,.d2° + D*C,,dudz
T

A : s b
s vl (S(Nz + ud,mpg) — 103((..’::@“)) dudz + c.c. +---
T o £

The Bondi mass and angular momentum aspects satisfy

1 1 _ ]

BuM = —=NapN*P + 10,05N*?, |
1 \ « 1 !

168‘_4(NBCCB") e ZNBC(()ACBC Nap =0.CasB

1 y ) 1 ) g ,
- —4-85((75(’ N;f.\(_.‘ = NB(" CA(_.*) — IBB()Bé)( CA(__* -+ 15}36448(;06("

OulNg = O04M +

Bondi news: encodes gravitational
waves!
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On the various extensions of BMS ¢ = (7(z,2) + $(3Y +3Y)) 9, + Y3 + Y3 + -

* Global BMS: bmsglob = 50(3,1) ¢ supertranslations | [Bondi, van der Burg, Metzner '62] [Sachs '62]

supertranslations needed to include radiation

Laura Donnay (SISSA) BMS fluxes from every corner
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On the various extensions of BMS ¢ = (7(z,2) + §(3Y +3Y)) 9, + Y3 + Y3 + -

* Global BMS: bmsg'Ob = 50(3,1) ¢ supertranslations | [Bondi, van der Burg, Metzner '62] [Sachs '62]

supertranslations needed to include radiation

-« Extended BMS: | bmsy® = (Witt ¢ Witt) & supertranslations™ | [Barnich, Troessaert '10]

allows for non-globally well-defined transformations on the celestial sphere

* Generalized BMS: | bms8*" = 0iff(5%) & supertranslations
[Campiglia, Laddha “14]

allows for fluctuations of the transverse boundary metric

Laura Donnay (SISSA) BMS fluxes from every corner
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On the various extensions of BMS  ¢=(7(z2) + 5(3Y +9Y)) 9 + YO + Y + - --

* Global BMS: bms%lc}b — 50(3, 1) G supertranslations | [Bondi, van der Burg, Metzner '62] [Sachs '62]

supertranslations needed to include radiation

= Extended BMS: | bmsy® = (Witt ¢ Witt) & supertranslations™ | [Barnich, Troessaert '10]

allows for non-globally well-defined transformations on the celestial sphere

* Generalized BMS: | bms8*" = 0iff(5%) & supertranslations
[Campiglia, Laddha “14]

allows for fluctuations of the transverse boundary metric

- Weyl BMS: | bms, ' = [0iff(S?) ¢ Weyl] ¢ supertranslations

[Barnich, Troessaert “10][Freidel, Oliveri, Pranzetti, Speziale 21]

includes (on top of the rest) Weyl rescalings

Laura Donnay (SISSA)
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BMS and the scattering problem

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

,,;-{-

<ouk|Sliny

[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

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

1

5 2
=T dez /oy TM

QT
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem!
—> 2 key ingredients

[Strominger "14]

@Noether charges for BMS symmetries
[Barnich Troessaert '10]

QQ — —du2 — 2dudr e 2?"2”:: dzdz
2M*
1

2
QT A G dZ\/_T]\f

du® + f(’+ dz? + D? C‘idmh

£+ = T4(z,2)8,
@Relating the past and the future

i i°
ds? = —dv? + 2dvdr + 2r2y,:d2dz
7’\ -
+ 4 dv- +r(_' —I)C ,dvdz
I &7 — Ti(_"j'_‘ f)[)r,
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem!
—> 2 key ingredients

[Strominger "14]

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

92 = —du’2 —_ ‘2d-u.d'r + 2?"2”:: dZd“'
‘)ﬂ[+

1 ; du® + rCtdz® + D*Cdudz +

Qr= e G d Z\/_ TM

2 )Relating the past and the future B4 DU SIE e ET EE E
@ - o
Antipodal matching conditions -~
.|.

M=(u,z, ‘3\-)‘,_;’{ = Mz 5)|9’j

T2 38)s-= Ttz 2

+

2 2 .
—dv* + 2dvdr + 2r°y,:dzdz

q; —
[Strominger '14]; see also [Herberthson, Ludvigsen ‘92]

[Troessaert “18][Henneaux, Troessaert ‘18][Prabhu ‘19]
[Kroon, Mohamed ‘21][Capone, Nguyen, Parisini 22]... P

Laura Donnay (SISSA)
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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]
1

- -
7'—47TG. dZ\/’_YT]\f

Q
(out|QFS — SQ+|in) = 0

@Relating the past and the future

Antipodal matching conditions infinite amount of conservation laws
M (v, 2, :)"-9’| = Mbfuz Zl| 0
A _ Q7 =Q7
7_ (\\."'- "‘) 'V?Jr_ —_— T+(:, Z) ’Wj-

[Strominger '14]; see also [Herberthson, Ludvigsen ‘92]
[Troessaert ‘18][Henneaux, Troessaert ‘18][Prabhu ‘19]
[Kroon, Mohamed ‘21][Capone, Nguyen, Parisini ‘22]...
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3 languages for the same IR physics [Strominger ‘18]

Asymptotic symmetries Soft theorems Memory effects
General Relativity Quantum Field Theory GW observation
supertranslations leading soft graviton displacement memory
[Bondi-Metzner-Sachs ‘62] theorem [Zel'dovich, Polnarev, Braginskii, Thorne,
[Weinberg '65] Christodoulou] ... 70s —90s
I Gravitational-wave signal vs. tlr:'lo ﬂ 1 signal
01} ol

w=0

A s
{f if \ i o ¥
Z e b g N L e 8 !
) = GofFT ¥ X Soof
foLE I

-0.1 o lﬂll i.

ANAAAAANWVWWIWRF=] merse ¥
AC ) 1050 1550 2000 2500 000 3800, “Zono, AWQ_H nih
AB 75 0 3800 3900 4000

[Favata, ‘10]
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Outline

2. Celestial currents

based on

2108.11969 w/ Romain RUZZICONI

2205.11477 w/ Kevin NGUYEN & Romain RUZZICONI

Joan Mir¢, Bleu 11 (1961)
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Celestial Holography

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

CS- Celestial Sphere

I— o0
/ dwwd !
0

(out|S|in) (Oa . 0(z,2) - OA,. 5, (%ns Zn))
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Basis for celestial holography

Holographic basis: el Mellin transform de Boer, Solodukhin
dw W : Cheung, de la Fuente, Sundrum
0 W energy Pasterski, Shao, Strominger

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

o0 -
- ‘. ip- A=h+h: formal di
‘Ili(X, 2, z) = / deo wA 18j:7,p X i s fzon orma : 1mension
0 (2, 2) : apoint on CS
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Basis for celestial holography

Holographic basis: el Mellin transform de Boer, Solodukhin
dw W : Cheung, de la Fuente, Sundrum
0 W energy Pasterski, Shao, Strominger

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

>0 L
L - D A = h + h : conformal dimension
qli(X, z,z) = / dwwA 18:|:sz i -+ ?01 orma 21 ensl1o
0 (2, 2) : apoint on CS

which transform under SL(Q, (C) 2 _» az+d-
i Cz+d
U, 5(2,2) = (cz + d)*M ez + )"y, (2, 2)
as primaries of weights 3
=il A
(h.h) = i(A + J,A—J) 2d spin J Cergariv
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Basis for celestial holography

Holographic basis: el Mellin transform de Boer, Solodukhin
dw W : Cheung, de la Fuente, Sundrum
0 W energy Pasterski, Shao, Strominger

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

>0 L
L - D A = h + h : conformal dimension
qli(X, z,z) = / dwwA 18:|:sz i -+ ?01 orma 21 ensl1o
0 (2, 2) : apoint on CS

which transform under SL(Q, (C) 2 _» az+d-
i Cz+d
U, 5(2,2) = (cz + d)*M ez + )"y, (2, 2)
as primaries of weights 3
=il A
(h.h) = i(A + J,A—J) 2d spin J Cergariv
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Basis for celestial holography

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

Ohl 2= (?(X), NG G 2))%\

"
/ N\
/ \

X’%:ﬁ\

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

X :apointin the bulk
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Basis for celestial holography

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

R
\

1 \
\

Oa(2.2) = (B(X). Wa (X2, 2)

/
. -:k\‘.
N\

bulk operator conformal primary

wavefunction (-, ) : Klein-Gordon inner product pushed at. ¥
Recall:
Cx) .
\Pi(X, - 2) - / dw WA leTirX X : apoint in the bulk
0 =gz 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

dB 2 - g L e -_)i” —il M f_ﬁ)
¢(X) = /(2)% [u.(‘}_)}e”""x +i'-?-(1.)_,)‘e"¢p“)‘] I i
T)°2p
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Basis for celestial holography - let’s repeat

* Momentum basis

dB 2 - g L e -_)i” —il M f_ﬁ)
¢(X) = /(2)% [u.(‘}_)}e”""x +i'-?-(1.)_,)‘e"¢p“)‘] I i
T)°2p

2-
:/2?271_) CUdUJ |:(I(LA, W )C’ vg- X ‘l‘(l( ; “)|(_ ?uq,\]

= (Celestial basis ,me /"Mg,{

d?@ C“‘x dA i
RO / ﬁfc-m ior [as— A (W) UL (X; W) + az—a (W) U3 (X;0)]
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Basis for celestial holography - let’s repeat

* Momentum basis

P = wgh()

d’ e
(I)(X) = /(_p [u.(‘}_)')e”""x -|-;_*;_(1):)16*-¢pA‘X]

2m)32p" Ladder operators
d* L Al = ip-X
= / 72(2:;3wdw [u(w, T e a(w, z.ﬁ)'c%_“"q"\] a(p) = (B(X),e )

= Celestial basis )
Celestial operators

dzu_f ctioco dA : L ;
AR / W/ o [0 a(@)PR(X; @) + az-a (@) O (X)) aa (W) = ((X), TX (X; )
C—1X2
= O, y=0(W)
o0 OO0
‘I’i(‘ (W) = / divus o B galil] — / dw w® ta(w, @)
0 0
Mellin of plane waves Mellin of ladder operators
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Basis for celestial holography - let’s repeat

* Momentum basis

P = wgh()

d’ e
(I)(X) = /(_p [u.(‘}_)')e”""x -|-;_*;_(1):)16*-¢pA‘X]

2m)32p" Ladder operators
d* L Al = ip-X
= / 72(2:;3wdw [u(w, T e a(w, z.ﬁ)'c%_“"q"\] a(p) = (B(X),e )

= Celestial basis )
Celestial operators

dzu_f ctioco dA : L ;
AR / W/ o [0 a(@)PR(X; @) + az-a (@) U5 (X )] aa (W) = ((X), TX (X; )
C—1X2
= O, y=0(W)
o0 OO0
‘I’i(‘ (W) = / divus o B gald] = / dw w® ta(w, @)
0 0
Mellin of plane waves Mellin of ladder operators
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(o}

Celestial currents b

0

A—1

o foz\"raz\ . e
Oh,ﬁ(‘zaz) = @ % Oh,ﬁ(zﬂz) (ha h) = §(A s JaA = J)

weights of the celestial operators
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Celestial currents /O di w1

O, z(2,2) — 0: \" (97 hO (27 (hh)—l(A—I—JA J)
et ny B E e LD ’
weights of the celestial operators

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 -
1
J) =021 =1 (1.0) (J(2)O1+-On) =Y m(ol -+ On)
k=1

Celestial version of Weinberg’s soft photon theorem!
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Celestial currents

O, z(2,2) — 0: \" (97 hO (27 (hh)—l(A—I—JA J)
et ny B E e LD ’
weights of the celestial operators

F77

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):
A—1

* Supertranslation current
P(Za 2) _— aEOA:l,JIZ

(%?_% 1):(%3%)

BMS fluxes from every corner
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Celestial currents

0z

) 8z \" [ 0z \" . o
Oh,ﬁ(z:z)_) oy Oh,ﬁ(zﬂz) (h:h): §(A+JaA_J)
weights of the celestial operators

77

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): e e i e Bl el o et ) |
A—1 | 1 '
l P(z:z)oh,ﬁ(waw) g WOMQPM%(WW) :
* Supertranslation current : e I
P(z, 2) = afOA:LJ:? Celestial version of Weinberg's
3 1 Lol A i i ]
(53 —3+ i — (iv §) (leading) soft graviton theorem!

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

(e (22 (2,%) SN N
hAEISE o N B | ki i
weights of the celestial operators

7

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):
* 2dstresstensorT'(z) : (2,0)!!

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

(e (22 (2,%) SN N
hAEISE o N B | ki i
weights of the celestial operators

(rrd

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):

* 2dstresstensorT(z) : (2,0)!! This promotes celestial

EE e e E S E e B P E EE B R R EE R Rl operators to full Virasoro
primaries on the celestial
sphere!

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

Laura Donnay (SISSA) BMS fluxes from every corner

Pirsa: 22100018 Page 48/91



Summary: Celestial Holography

ouk|S | im7

O
/ dw w1
0

The soft sector of scattering is captured by celestial currents A — Z
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Outline

3. BMS fluxes & phase space

based on

2108.11969 w/ Romain RUZZICONI

2205.11477 w/ Kevin NGUYEN & Romain RUZZICONI

Joan Mir¢, Bleu 11 (1961)

Pirsa: 22100018 Page 50/91



Question

Which objects from the gravitational phase space

ds? = —du? — 2dudr + 2r?y,;dzdz

2M .
et L 2l Aot DG dud s
r

1 /4, kg .
+_ (3(4\2 "5 UO,:”IB) i 1():((",:(')) dudz +ce. + - --

. /

L ¥

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

3z \" [ 9z \"
0ni22) = (55) (55) Onae®
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BMS extended symmetries

BMS symmetries act as

=T+ 20V +Y)= f

2

. L D _ 5
(5(f,Y)CAB — {f@u + Ly — EDC}’ C]CAB —2DaDpf + qABD(;DCf, & =Y+0r", & =Y+0@r),
§

e
8(s.y)Nap = [fOu + Ly|Nap — (DaDpDcYC — ;QABDCDCDDYD),

3 .
5(f,Y)Ju = [fOu+ Ly + §DCYC]]H BMS symmetry generators

+ %DCDBDAYACBC + %NABDADBf + %DAfDBNAB,
3
(s y)yNa = [fOu+ Ly + DcY“|Na +3MDaf — EDA fNpcCBC

1 1
- DBV ec e o Z(QDBf L DEDDC fCis

B
3 3

. F(DEDYCyc - DaDcCEC) + < D4(DcDp e
1 1} . i _

+ 5(DaDpf — 5 DcD f4ap)DoCP + S Dp NP Cac.

BMS fluxes from every corner
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Question

Which objects from the gravitational phase space

ds® = —du® — 2dudr + 2r’y,; dzdz

2M .
et L 2l Aot DG dud s
r

+l (%(*\r‘, "5 Ua,:HZB) i %()C((‘ZCC'A)) dudz +ce. + - --

. /

L ¥

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

3z \" [ 9z \"
0ni22) = (55) (55) Onae®

How are they related to the celestial CFT currents? P(Z Z) - (§ l)
What is their algebra? ; 12

Laura Donnay (SISSA) BMS fluxes from every corner

Pirsa: 22100018 Page 53/91



BMS charges and fluxes

= At each cut {1 = constant} of # T, the prescription for BMS charges is

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

1 -
== A T L
Qe SWG/S 2[2TM + YN + VN],

1 i s
M =M + 2(C;:N** + CzzN*)
- r. . 3 -
N:Nz—*u@M-l-Zsz sz*‘ﬁ (C.:C*)
U = 2 | > 02 1 E:I
= —=N_.|C:— —=Nz;
+4‘9[(‘9 g N=: ) O =073 =)C:
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BMS charges and fluxes

= At each cut {1 = constant} of # T, the prescription for BMS charges is

[Barnich, Troessaert “11] [He, Lysov, Mitra, Strominger '14] [Kapec, Lysov, Pasterski, Strominger '14] /,/«ﬂ“""ﬂrmh_“ B~
[Compére, Fiorucci, Ruzziconi’19 "20] [Campiglia, Peraza '20] [LD, Ruzziconi "21] // o - i
[Fiorucci "21] [Freidel, Pranzetti ‘21][Freidel, Pranzetti, Raclariu ‘21] [LD, Nguyen, Ruzziconi '22] ;’f M = --( 3 ‘I’g) 3

)}f

1 .
——— L A 9T MY
Qe SWG/S 2[2TM + YN + VN],

M=M+ é(czzN“ b C2N%)
N Ng—ugj\/l-l-icgg{:—?@ﬁ-l-
+%5[(52—%N3)c;—(52— QNH)CE]
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BMS charges and fluxes
= At each cut {1 = constant} of # T, the prescription for BMS charges is

e i
Qe = —— 2 2T N ), /

1 -
.A/l — J\I _|_ g(czzNZZ _+_ szNZz)

[Fig: Adrien Fiorucci]

N = Ng—u5M+30555055+1%5(sz0&)
al(- g (P )] ,_

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

= The BMS fluxes are
P2 [TP+ YT + VT

00
—00 S
Laura Donnay (SISSA) BMS fluxes from every corner
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BMS charges and fluxes

= At each cut {1 = constant} of # T, the prescription for BMS charges is

1 2 g \ / \
= — b 2 ,Af "1.- )
Q¢ SWG/Sd 2[2TM + YN +YN],
1 - :
M=M+ g(C‘_ZZNZ:: + s N7)
. i -
__/\/’: Ng—uaM-l-ZCQ;@CZZ‘I‘%@(CZZCZZ)

[Fig: Adrien Fiorucci]

ciaf(- L) (-

= Qutgoing radiation = BMS charges are not conserved but satisfy flux balance laws
+o0
TSR ale P = L du 0, M  :‘supermomentum flux’
*+00 ' dnG |
Fr = / du 9,Q¢ = / d2[TP+ YT +VJ] T A
e S J = —/ du O, N  : ‘super angular
817G J oo momentum flux’
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BMS fluxes as primaries

= So, we have constructed BMS fluxes

00
P = L/ du d,M  :‘supermomentum flux’
AnG

+o00
= L/ du ON : ‘super angular momentum flux’
BnG L '

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

Sw.3)0ni = (YO + Y0+ 1Y + hdY)éy;
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BMS fluxes as primaries
= So, we have constructed BMS fluxes

00
P = L/ du d,M  :‘supermomentum flux’
AnG

+oco
= L/ du ON : ‘super angular momentum flux’
BnG L '

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

8¢y 3)0n i = (VO + Y3+ hdY + hdY)e, ;

UW\% Khe. phare. M@ mg‘m‘c:wmal J(.(M\Lgd'lm::-f) N " NA&
Sy =[P Ty T3 DY TMHDIDY C o NDD D

S ors 1% - 2D JGee -2DaBb3 4, DD

e ¢ P 4
one can check indeed that  O(7,y 3P = [:VE? MO 233? a 2332]73 ; (

| A
| G

h
!

~t
~d

t
t

) primary

= = = e 3 ,
Oy = [ya + Yo+ 20Y + 1332]] = 57797’ + iaT'P : (2, 1) primary
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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

b3 | S

3 1
) J=— du O N 2,1

1 e .
ol W.u A
‘ MG o S () ( g £ S
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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

S (ha)A(? ) e o (2,1)
- AnG ) e e 2 STG e 5

=« 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

Laura Donnay (SISSA) BMS fluxes from every corner
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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
[Compeére, Long “16][Compeére, Fiorucci, Ruzziconi ‘18]

o~

N.:(u,z) = Nyo(u,2) - N7(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
[Compeére, Long “16][Compeére, Fiorucci, Ruzziconi ‘18] ! s

o~

N.:(u,z) = Nyo(u,2) - N7(x)

l

tracefree part of the Geroch tensor

* fall-offsas 4 — too: N, = N’ + o(u™?) C..=lut CoON®  25°Cc L oluw)) .

value of the supertranslation field at ,ﬂ':ér
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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
[Compeére, Long “16][Compeére, Fiorucci, Ruzziconi ‘18] ! s

o~

N.:(u,z) = Nyo(u,2) - N7(x)

tracefree part of the Geroch tensor

« fall-offsas u = £oo: N, = N2+ o(u™?) C.. = (u+CL)N"% - 26°Cy + o(u™") -

NB: no “gravitational tails” s
g value of the supertranslation field at ,ﬂ'::

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

6; = (.. — ulNve — C(O)
g Rt zZ i ZZ
C(U) - _@2(0 L C ) % : “superrotation covariant derivative @(bh,ﬁ i (8 = h@g)(‘bhﬁ
zz T t . [Campiglia, Peraza ‘20][LD, Ruzziconi ‘21][Barnich, Ruzziconi '21]
[Freidel, Pranzetti, Raclariu ‘21]
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Extended radiative phase space

@ Refined analysis of the radiative phase space with superrotations

= Recall that the leading and subleading soft gravitons operators are N..(u,z) = N,.(u,z) = N;7°(x)

NO = / du ., N = / i
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Extended radiative phase space C= %(c; Lan o
@ Refined analysis of the radiative phase space with superrotations CE?J = _292C | K
= Recall that the leading and subleading soft gravitons operators are N..(u,z) = N, (u,z) = N, 2°(2) 4
- NG
N©) =/dusz N = /duusz -

« Symplectic structure

Q 1
G Qha,rd + QS(inL band = 332G

/dudgz [6]@;, e, T c.c.}
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Extended radiative phase space C= %(c; Lan o
@ Refined analysis of the radiative phase space with superrotations CE?J = _292C | K
= Recall that the leading and subleading soft gravitons operators are N..(u,z) = N, (u,z) = N, 2°(2) 4
- NG
N©) =/dusz N = /duusz -

« Symplectic structure

1 5 .
0 =Qhora+ Qaore Qhard = B0 /dudgz [5sz NOCss + c.c.}
1 +
Quoft = 37— / 2z [5N§2) ASCYD 1 8T, ASNYEC + c.c.}
327

.. =2N!D Lt enD
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Extended radiative phase space C= %(c; TenEo.
@ Refined analysis of the radiative phase space with superrotations 00 = _29%C | K
= Recall that the leading and subleading soft gravitons operators are N.:(4,z) = N, (u,z) = N;;°(x)
: N
N,,(S) =/dusz N = /duusz

« Symplectic structure

1 "y =
0 =Qhora+ Qaore Dhord = e /dudgz [5sz NOCss + c.c.}
1 +
Quoft = 37— / 2z [5N§S) ASCYD 1 8T, ASNYEe + c.c.}
327

I, = 2V + cND
» |t differs from Ashtekar-Streubel’s symplectic structure by a corner term

Q=0 doY oY = -
5 -‘*“*/ﬁ : " 321G
i

327G

[6(C‘~ AN & c.c.] dz A dz

P
o

AS —

/ dud®z[6N,, A dC3z + c.c/]

Laura Donnay (SISSA) BMS fluxes from every corner

Pirsa: 22100018 Page 68/91



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 ~ L
P hard d N N--
167G f L

1

Psofﬂ o
8rG

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]

rd/sof ‘ )9 3 32 ward/sof
tht’rd - 161 - fdu ~z;: ~§E 5(7?3}’5))73!1(11 1/soft _ I:ya+ ya 2 5 ay & jay} rP!‘, 1/soft
g & Z
: 1 . i 5
’Pho‘ft —_ m@zNég) Ng(g) — /du Ngg 5! (h,, h,) = (B, —))
C 3.3 i /’ s .
( 2) leading soft graviton operator

v’ The associated supertranslation fluxes generate the transformations on the radiative phase space

7 i ) : o f soft !
= f du 0, Q5" = /S & Tt [FM,cD = 6rCY
{F';Oft’ nZif} = 57'”;::.‘.

—

oo .
hard __ ; hard __ Do hard s

Laura Donnay (SISSA)

{Fperd, e} =0
{F’;L'arda H} =0
{F’_?ard! Nz:} i 6Tﬁzz

hard sector

BMS fluxes from every corner
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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]

gy == 3 3 = Sy
tht’rd - 1 fdu N,_,,, ~:: 6(7?3)’5))73!1(1}(1/30)‘1 - I:ya+ ya i = ay At qay} rPh,ard/.sojT
167G i 277 2
1 e . 3
Psofﬂ o QQN:(Q) N;(g) = / du NEE . (hf’ h) i (_;__)__5 1)
@ W e £
( 2) leading soft graviton operator

v’ The associated supertranslation fluxes generate the transformations on the radiative phase space

00 : :
Frlt = / dud, Q7" = /S dt Rf

i s rysoft o soft
o0 is, QOft = 63
Shoc : o % hard __ hard
Féﬁar‘d - / du aqu];-aTd — / dQZ T’thfd t&TQ = 5FT
—o0 S
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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 - - _ phard/soft __ ‘ \ )9 3 3 5 hard/soft
phard = L deNg,: e, 5PN = [V + DB + S0 + S8Y|phard/eo!
™ 5 i

Psofﬂ o 1

C(-"ﬁ?) 871G

PN /,Ngg) - / dulize = o= (1)

leading soft graviton operator

b o

v’ The associated supertranslation fluxes generate the transformations on the radiative phase space

v’ The soft and hard sectors factorize [Campiglia-Laddha '21][LD, Ruzziconi '21]

soft hardy __
{Feoft phord) = g
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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 - - _ phard/soft __ ‘ \ )9 3 3 5 hard/soft
phard = L deNg,: e, 5PN = [V + DB + S0 + S8Y|phard/eo!
™ 5 i

Psoff.. 0 1 QQNEES) /, 5(2) . /du NEE t (h,h) = (%5 1)

(‘({) 8rG

b o

leading soft graviton operator

« Link with celestial holography? Remember: ‘supertranslation current’

A1l Plz2): (%, %) P(2,7)0y ;(w,w) ~

1

MOM%’H%W’@)

see also celestial diamonds of [Pasterski, Puhm, Trevisani ‘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 84 on 1% af 4 Yan R
hard _ du |=C,,0Nss + =N;z:0C,, + =0(N,,N:z
e Y 16‘7TG/ j [20‘" e
- 4 1
g = e [t + 2o an + I acy)
Ng) :/duN‘g <— leading soft graviton operator (j l,)

N;(;) - /duuﬁw <~ 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 Sa an 4 1y aa L Ugm &
hard _ du |=C,,0Nss + =N;z:0C,, + =0(N,,N:z
e Y 16wG/ “[20”8 D
- 4 1
g = e [-oontd + Sewany + L acy)
N;f? :/d’l{,N‘g <— leading soft graviton operator (j l,)

N;(;) - /duuﬁzs <~ subleading soft graviton operator (1, 1)

v’ Again, one can check that the associated superrotation fluxes generate the transformations on the
radiative phase space
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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]

i
Thard _ Nes
e 167@/ [ GueBles + 3 NizbCse + 2O, )]
3 i}
[ PPN 4 §C§2>@N§2) i 51\@(2)@@2)]
NZ(S) =/dUN‘5 <— leading soft graviton operator (j l,)

N;(;) - /duuﬁzs <~ subleading soft graviton operator (1, 1)

A . Fsoft i
= This new expression jmf leads to a corrected celestial stress tensor!!

T(:;):S;G / dzwiw( PN + C&@N - N @cﬂ,)
# S z_;

Laura Donnay (SISSA) BMS fluxes from every corner

Pirsa: 22100018 Page 76/91



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

7hard __ N

eV 167rG/ [C”28N2”+ g0+ 3 8( )]
3 1

[ PND + §Cg2)@N§2) = 51\@52)@@2)]

NZ(S) =/dUN‘5 <— leading soft graviton operator (j l,)

N;(;) - /duuﬁzs <~ subleading soft graviton operator (1, 1)

A . Fsoft i
= This new expression jmf leads to a corrected celestial stress tensor!!

T(:;):S;G / dzwiw( PN 4 C&@N - N @cﬂ,)
# S z_;

‘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

7hard __ N

aus 167rG/ [CW@N”+ g0+ 3 8( )]
3 1

[ PND + §C§2)@N§2) = 51\@??@@9]

N'g(g) =/dUN—5 <— leading soft graviton operator (j l})

N;(;) - /duuﬁz;j <~ subleading soft graviton operator (1, 1)

A . Fsoft i
= This new expression jmf leads to a corrected celestial stress tensor!!
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(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!!

1 1 3 I
T(2) = — / e (a@wig% CELING + INE) 2O
: S

S ——

8 Z—w 2 hiss
(2,0)
stress tensor of 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!

[Pasterski ‘22] [LD, Nguyen, Ruzziconi '22] s

(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 3 I
T(2) = — / e (a@wig% CELING + INE) 2O
: S
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(2,0)
stress tensor of 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!

[Pasterski ‘22] [LD, Nguyen, Ruzziconi '22] s

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

and Gravitons

Zvi Bern, Scott Davies and Josh Nohle Notice: see however
[Cachazo, Yuan “14]
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Celestial stress tensor

= This leads to a corrected celestial stress tensor!!

s

i 1 3 1
T(z) = — / Py —— (%@wgg, L 205,9@%2; i QNgeg@cgi
S

8 zZ—w
(2,0)
stress tensor of 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!
4 /% a
nb_&’\ um
(h (c)

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
S-matrix beyond semiclassical level. 241 Ben, Poott baiee matl. Jeel Hia e Notice: see however

[Cachazo, Yuan “14]

[Pasterski ‘22] [LD, Nguyen, Ruzziconi '22] s

n

and Gravitons
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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]

(z—v) (z— )

T(z)P(w,w) ~ — _1 lﬁ)awl—’(u w) + G l_/i,)'zp w, W)
1/2 _ 3/2

P(z,2)T(w) ~ / OwP(w, 2) + / P(w,z

(z —w) (z — w)?

S 2
T(2)T (w) = OwT (w) + = w)QT(w) c—0
see also [Fotopoulos, Stieberger Taylor, Zhu ‘19]

T(Z)T(w) ~0
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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.

-
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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.

1
P(2)Ona(w,w) ~ EOAH (w, W)

Key objects: BMS fluxes (give primaries, celestial OPEs, etc.)
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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.

1
P(2)Ona(w,w) ~ EOAH (w, W)

Key objects: BMS fluxes (give primaries, celestial OPEs, etc.)

Outstanding challenges: what is a Celestial CFT? what is a QFT?
Beyond kinematics? Top-down constructions?

Laura Donnay (SISSA)

BMS fluxes from every corner

Pirsa: 22100018 Page 85/91



Let’s not remain each in our corner...
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amplitudes
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Let’s not remain each in our corner...

The number of pages in this book is
exactly infinite.
No page is the first; none the last.

J.-L. Borges, The book of sand (1975)

mathematical GR

amplitudes
conformal field theory

gravitational waves observation

twistor theory
classical GR

quantum field theory

fluid/gravity Thank you
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