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Intro & Motivations

= Black holes are the most mysterious objects populating our
Universe. They are characterized by an event horizon and a
spacetime singularity, where the laws of physics -as we know them-
break down.

= They are thermodynamical objects [Bekenstein, Hawking '70s]

T hcg So ACS

H= 5 ~anr BH = —= .
SWGM 4Gh @}- Event Horizon Telescope

M : black hole mass A : event horizon area

Key in our understanding of quantum gravity!
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Black holes compel us to reconsider the fundamental laws of nature.

Longstanding problems remain to be solved.

Black holes: microscopic accounting of entropy?
v for supersymmetric black holes in string theory [Vafa, Strominger '95]
v black holes in three spacetime dimensions [Strominger ‘98]
V...
— but what about realistic black holes?
Much of our understanding of quantum properties of black holes comes

from spectacular advances of the holographic correspondence.
['t Hooft '93; Susskind '94; Maldacena '97]

Quantum gravity is encoded in
a different theory that lives in a
lower-dimensional spacetime.

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Black holes compel us to reconsider the fundamental laws of nature.

Longstanding problems remain to be solved.

Black holes: microscopic accounting of entropy?
v" for supersymmetric black holes in string theory [Vafa, Strominger '95]
v" black holes in three spacetime dimensions [Strominger ‘98]
V...
— but what about realistic black holes?
Much of our understanding of quantum properties of black holes comes

from spectacular advances of the holographic correspondence.
['t Hooft '93; Susskind '94; Maldacena '97]

Quantum gravity is encoded in
a different theory that lives in a
lower-dimensional spacetime.

— — “Primordial holographic relationship”

(entropy scales with the area)
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Much of our understanding of quantum properties of black holes comes
from spectacular advances of the holographic correspondence.

Very powerful techniques, but mostly developed so far for spacetimes
with negative cosmological constant, i.e. Anti-de Sitter (AdS).

The success of accounting for black hole entropy resides on the presence of an
AdS factor in the near-horizon region.

But realistic black holes (e.g. Kerr) do not possess an AdS region near
their event horizon nor do we live in a universe with A<0.

— this is compelling us to develop a holographic correspondence
for asymptotically flat spacetimes.

A =0 spacetimes at astrophysical (< cosmological) scales

HOLOGRAM

Illustration from Kurzgesagt
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All of my talk will be centered
around the theme of symmetries
in gravity.

Symmetries control universal phenomena, simplify
the analysis and render otherwise inttactable
calculations feasible.

Alhambra tile (13th century)

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Intro & Motivations

The aim of this talk is to present :

* Recent advances in the holographic formulation of quantum gravity in
asymptotically flat spacetimes called “celestial holography”

* Existence of intriguing infinite-dimensional symmetries appearing in the vicinity of the event
horizon (“soft hair”) ’
—> new active line of research to study black holes.
[Hawking ‘15] [LD, Giribet, Gonzalez, Pino ‘15] [Hawking, Perry, Strominger ‘16]
[LD, Giribet, Gonzalez, Pino ‘16] [Carlip "16] [Haco, Hawking, Perry, Strominger '18] ...

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Outline of the talk

1. Asymptotically flat spacetimes and their infinite-dimensional symmetries

2. Celestial holography

3. Black hole near-horizon symmetries

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

The geometry is described by the line element

ds® = —dt* + dz? + dz3 + dz3

(measure of distance in flat spacetime)

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

Change to Bondi coordinates (u,r,z, %)

r(z+ %)
The geometry is described by the line element t=u+r 1= 1+ 22
ds? = —dt? + dz? + da? + da? py= =2 _rl—2)
1+ 22 1422
(measure of distance in flat spacetime)
ds®* = —du® — 2dudr + 2r*y,; dzdz i .0 sphere angles
n z=e"cots
L S 5 — o0 cob @ Z
P r2(d8* + sin® # d¢?) g=1g el Z’?
B 2
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

The geometry is described by the line element
ds® = —dt* + dz? + dz3 + dz3

(measure of distance in flat spacetime)

ds* = —du® — 2dudr + 2r*y,; dzdz

timet

L,

spacer

Penrose diagram of Minkowski: the space is
compactified, the causal structure being preserved

u=1t—7r :‘retarded’ null time

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62|

u =

- — - Celestial sphere
Timelike infinity

2,4
Future null infinity /
Tt=Rx §*

(r'= oo, % = cat)

Minkowski metric (flat spacetime) in 4D

The geometry is described by the line element
ds® = —dt* + dz? + dz3 + dz3

(measure of distance in flat spacetime)

ds® = —du® — 2dudr + 2r*y,; dzdz

© 1
u=1=t%—7r : ‘retarded’ null time g ‘

spacer

Penrose diagram of Minkowski: the space is
compactified, the causal structure being preserved

T-

Past null infinity

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D A symptotically flat spacetime (as r — )

The geometry is described by the line element

5 9 9 5 5 Curved spacetime that looks flat seen from a far
ds® = —di” + dﬂi‘l :a dez + d373 distance. The deviation from Minkowski is dictated by

) ) . boundary conditions for the metric.
(measure of distance in flat spacetime)

21

ds® = —du? — 2dudr + 27“2’)422 dzdz + BB + rC,.dz%* + D*C,,dudz
=

1 /4 N |
+— (3(;\‘2 + ud,mpg) — 482(023(7“)) dudz +cc. + - -+
r o\ .

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Asymptotically flat spacetime (as r — 0)

Timelike infinity

Future null infinity

Spatial
infinity

Laura Donnay -

ds?

—du? — 2dudr + 2r?y,; dzdz

2mp

— du? + rC,,dz% + D*C,,dudz

r

1 /4 _ L.
J— (g(ﬁg + ud,mg) — —0,( ):ZC*‘”)) dudz +ce.+ - --
X

mB(u, - Z) gives the energy (e.g. black hole mass)

N, (u, 2, 2) gives the angular momentum

The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Asymptotically flat spacetime (as r — 0)

Timelike infinity

Future null infinity

It=Rx §?

Spatial
infinity

Laura Donnay -

ds?

—du? — 2dudr + 2r?y,; dzdz

2mp

~ du? + rC..dz% + D*C,.dud:

r

1 /4 ..
J— (g(i\; + ud,mp) — —0,( ):ZC*‘”)) dudz +ce.+ - --
X

mB(u, - Z) gives the energy (e.g. black hole mass)
N (u, Z, 2) gives the angular momentum

C, z(”u,, Z, 2) indicates the presence of gravitational waves!

0,Cr7# 0

The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62|

Asymptotically flat spacetime (as r — >0)

ds® = —du? — 2dudr + 2r2ny,; dzdz

ZmB

Timelike infinity

du? + rC,,dz* + D*C,,dudz

1 /4 1|
—|——(3(\ + ud, mg)—l() (C,,C* ))dudz—I—C( + -
7\

Future null infinity r

It=Rx §?

mB(u, -2 Z) gives the energy (e.g. black hole mass)
[ N (u, 2, 2) gives the angular momentum

C, (u &, ) indicates the presence of gravitational waves!
8u CZ = % O

Mathematical description of a radiating spacetime.

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

What is the symmetry group of asymptotically flat spacetimes?

What was expected: the isometry group of Minkowski, namely the Poincaré group.

4 spacetime translations
6 Lorentz transformations (3 rotations, 3 boosts)

What was found: it is actually an infinite-dimensional extension of Poincaré!

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Asymptotically flat spacetime (as r — o ;
o s & ( ) ds?® = —du? — 2dudr + 2r?y,; dzdz

2mp

& 4
Z.8 -
s 4 174

, ; |
T+= Rx §? Jr; (3(;\'; + ud,mp) — 403(C_:ZC"“)) dudz + c.ec. + -+ -

Celestial sphere

Timelike infinity

du® + rC,,d2% + D?C,,dudz

Asymptotic symmetries = vector fields preserving the above set of

Spatial metrics : &€ = f(2,%)0, supertranslations u — w+ f(z, 2)

infinity
I (cf. usual time translation u — u + cst )
I z

Since the function f is an arbitrary function
on the sphere, supertranslations shift the retarded
time by a different amount on each point on the
sphere: there is an infinite amount of them!

’2

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Conclusion: The symmetry group of asymptotically flat spacetimes is much bigger than
the one of Minkowski (flat) spacetimes!

This infinite-dimensional extension of Poincaré is known as the BIVIS group.

4 Poincaré translations

Symmetry
enhancement

o0 BMS supertranslations

BONDI  METZNER  SACHS

BMS symmetries were originally disregarded.

BMS symmetries today: have shown to have deep and profound connections with the
infrared structure of gravity...

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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A surprise in flat spacetime

The BMS symmetries [Bondi-Metzner van der Burg; Sachs, ‘62]

Asymptotically flat spacetime (as r = o ;
P d v ( ) ds® = —du? — 2dudr + 2r?y,; dzdz

2" ¢ - ¢ a
4 + 208 42 4 rC,,d2% + D?C,,dudz
/ 37 r

Celestial sphere

Timelike infinity

14, .. i B
+— ((i\'; + ud.mp) — 40:(032(7"")) dudz +cc. + -+
’)‘ i

5= En g 3

Asymptotic symmetries = vector fields preserving the above set of

Spatial metrics : € = f(2,2)0y supertranslations u — u+ f(z, 2)

infinity
I (cf. usual time translation u — u + cst )
I Z

Since the function f is an arbitrary function
on the sphere, supertranslations shift the retarded
time by a different amount on each point on the
sphere: there is an infinite amount of them!

’2
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Soft theorems from asymptotic symmetries

The leadi ft it th Weinberg '65 .
e leading so gl.'aw on theorem | g ]. tA_m._., <MIS‘M7
n hard particles (pi) + external graviton (q) +so%l:PMJ='<-QI- ("""1‘93 wW—y a)
lim Ay 1(q) = SO A, +0(°)

n p;fp;_;__ _ o == got.le— X
S(m _ Z kkepv(q) °

i+
- PE 4

is nothing but the Ward identity associated to supertranslation symmetry [He, Lysov, Mitra, Strominger ‘15]
(out\Q}FS —S8Q |in) =0

I

Noether charge

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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The infrared triangle [Strominger, 2018]

Asymptotic symmetries

Gonent Uztxmfy,_

Soft theorems Memory effects

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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The infrared triangle [Strominger, 2018]

Asymptotic symmetries

%—- SoFT x
PolE

Soft theorems

Quamkum J:dld theoy)

5y Memory effects

TS

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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The infrared triangle [Strominger, 2018]
Permanemk J““l“""'”"‘”"kw .

ojan bhe fomage § 9=

T y —
total signal 4
‘/{uwi]!‘dmr_\' tmemory)

L

Grawtatlonal -wave signal vs. time

oscillatory waves 4
{no memory) F
The memory slowly builds up during 9
the inspiral, grows rapidly during the «

s
L 0. WWVWV\/\/\/\/\/\N\]\N\MNM | merger, and saturates to its final value
- i -

— during the ringdown.
o 1500 . 2000 , 2500, 30004 3500, 4000, 4500,

3900,y 4000
[Favata, *10]

S « | Memory effects

/N

|Zel’dovich, Polnarev, Braginskii, Thorne,
Christodoulou] ... from the ‘70s

Olionakion

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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The infrared triangle [Strominger, 2018]

Asymptotic symmetries

Soft theorems & S Memory effects

Laura Donnay - The infinite symmetries of black holes, and other celestial stories

Pirsa: 21010007 Page 26/51



The infrared triangle [Strominger, 2018]

Many different copies!

Gravity QED

N
N

subleading

M~
N

D>4

~
'S

~
N

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Outline of the talk

2. Celestial holography

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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The holographic structure of spacetime

* Beautiful story developed over the last 20 years that revealed detailed structure about quantum
gravity in spacetimes with negative cosmological constant A < (), namely

“Anti-de Sitter” (AdS) spacetimes.

* Groundbreaking realization of the holographic principle: Conformal field theory

AdS/CFT correspondence
Quantum gravity in Anti-de Sitter

= Conformal Field Theory (CFT) at the boundary of spacetime

Conformal X

transformation t\\"‘-.‘.

>

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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The holographic structure of spacetime

* Beautiful story developed over the last 20 years that revealed detailed structure about quantum
gravity in spacetimes with negative cosmological constant A < (), namely

“Anti-de Sitter” (AdS) spacetimes.

* Groundbreaking realization of the holographic principle: Conformal field theory

AdS/CFT correspondence
Quantum gravity in Anti-de Sitter

= Conformal Field Theory (CFT) at the boundary of spacetime

What about flat spacetimes (A =0)?
Is there a dual CFT?7 Where does it live?

What are its properties? How does this even work?

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Towards flat space holography... ‘celestial holography’

Celestial sphere CS*

Is there a dual CFT?

Where does it live? linlamsl _l Symmetry observation

The 4D Lorentz
group acts on CS?

The causal structure of the as the 2D conformal

boundary is very different from Eirou P:
the boundary of Anti-de Sitter! az+ b
z = L ad —bc =1
The boundary of flat space is .
future null infinity SL(2,C)

I+ = R X 52 space r

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Celestial holography:

1 LN

the 4D spacetime S-matrix is encoded in a 2D ‘celestial’ conformal field theory

4D S-matrix 2D celestial correlator [He Mitra; Stratminger *18]

(out|S|in) [Strominger ‘18]

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Towards flat space holography... ‘celestial holography’

Bulk Minkowski

4D S-matrix
(out|S|in)

Gravity in 4D

>

Celestial Sphere

2D celestial correlator

<Ol (Aa 21, 21) v On(Aa Zny 211.))

2D Celestial Conformal
Field Theory

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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?
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A new formulation of asymptotic particles

standard formulation i holographic formulation

confgrmal basis
— Mellin transform of plane waves

energy-momentum basis
— plane waves

|
1
1
1
1
1
1
| oo 1 sl
ip- . _\ A—1_+ip-X _p
e“PX ph = weh(2,2) | O(A?Z’Z)_/ o= TP
! 0
|
4d helicity ¢ : 2d spin J
|
|
solutions labelled by : _ . .
i : A = h+ h : conformal dimension
| .
¥ ' (2,%) : a point on CS”
[ | . —
( \ odspin J=h—h
translation symmetry manifest i conformal properties manifest de Boer, Solodukhin
conformal properties obscured ! translation symmetry obscured LD, Pasterski, Puhm, Shao,
I Strominger,...

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Conformally soft particles [LD, Puhm Strominger ‘18]

holographic formulation

conformal basis 00 _
— Mellin transform of plane waves O(A, z,Z) = / degyy =g T
0

A = h + h : conformal dimension

(2,%) : a point on CS?

An important role (cf. infrared triangle) is played by soft particles (a soft particle has energy w,— 0).

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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Conformally soft particles [LD, Puhm Strominger ‘18]

holographic formulation

conformal basis 00 _
— Mellin transform of plane waves O(A, z,Z) = / degu™ e A
0

A = h + h : conformal dimension
(2,%) : a point on CS?
An important role (cf. infrared triangle) is played by soft particles (a soft particle has energy w — 0).

In this new conformal basis, the notion of energy is lost.
What is the analog of a soft particle in this holographic formulation?

— We proposed the new notion of “‘conformally soft’” particle [LD, Puhm, Strominger ‘18] for which
A—1

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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We found the 2d celestial CFT currents responsible for the soft theore
QFT. [LD, Puhm, Strominger, ‘18]

Field Symmetry Ward identity | Celestial current
‘large gauge’ Soft photon J, U (1) Kac-Moody
A;_L 0A, = D,e theorem
supertranslations Soft graviton P. : ¢ supertranslation current’
5C.. = D2f theorem &
zz =
gMV R T
oo = 1Cos ... superrotations ,S’uble.aadzng soft Tzz ; BT sthesctensor |
6C,, = u Dgyz graviton theorem

Laura Donnay - The infinite symmetries of black holes, and other celestial stories
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