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Motivation

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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Motivation

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.

Ac3
SBH = Ton

— ‘Primordial holographic relationship’

[Bekenstein][Hawking]

Problem: we do not live in Anti-de Sitter spacetime

@}. Event Horizon Telescope

— need to develop a holographic correspondence for flat spacetimes
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Motivation

The holographic principle

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

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

How general is it?

A <O

CFT
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Flat space holography

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

Main obstructions/difficulties:
@ The conformal boundary includes
future/past timelike infinity

future/past null infinity
infinity

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

Main obstructions/difficulties: AdS

@ The conformal boundary includes

future/past timelike infinity \

future/past null infinity
infinity

4

(2) There are fluxes leaking out

the boundary Quantum gravity

‘in a box’

spacer 7
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Flat space holography

Road map: symmetries

= The phenomenon of symmetry enhancement is a key feature of asymptotically flat spacetimes,
due to the presence of gravitational radiation

4 Poincaré translations

l, Symmetry
enhancement

%o BMS supertranslations

what was expected what was found

Poincaré Bondi-Metzner-Sachs (BMS) (‘62)
+ van der Burg
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Flat space holography

While BMS symmetries were originally disregarded, it was realized
(50 years later!) that they

= constrain the gravitational S-matrix [Strominger ‘13]

(out|S|in)
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Flat space holography

While BMS symmetries were originally disregarded, it was realized
(50 years later!) that they

= constrain the gravitational S-matrix [Strominger ‘13]

= have associated low-energy observables (memory effects)

[Ashtekar ‘14][Strominger, Zhiboedov ‘14]
Donnay, Goncharov, Harms, Phys. Rev. Lett. 2024
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FIG. 4: Demonstration of the GW memory contribution to strain from a merger of two non-spinning BBHs in the
extended BMS scenario, (m1,mz,0j,,2) = (30 Mg, 30 Mg, 7/3,0.06). Solid lines show h., dashed lines show h.
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Flat space holography

While BMS symmetries were originally disregarded, it was realized
(50 years later!) that they

= constrain the gravitational S-matrix [Strominger ‘13]

= have associated low-energy observables (memory effects)
[Ashtekar ‘14][Strominger, Zhiboedov ‘14]

= allow further extensions, including the local conformal group
[Barnich, Troessaert ‘09]

(out|S|in)
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Flat space holography

While BMS symmetries were originally disregarded, it was realized
(50 years later!) that they

= constrain the gravitational S-matrix [Strominger ‘13]

= have associated low-energy observables (memory effects)
[Ashtekar ‘14][Strominger, Zhiboedov ‘14]

= allow further extensions, including the local conformal group
[Barnich, Troessaert ‘09]

revival of flat holography

(out|S|in)

review L. Donnay, Celestial holography: an asymptotic symmetry perspective, Phys. Rept. 1073 (2024)
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Flat space holography with horizons?

What is the global form of conservation laws?

Laura Donnay  (c9)
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Geometry of a black hole horizon

see the review [E. Gourgoulhon, J.L. Jaramillo '05]
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Geometry of a black hole horizon

AAQ:: -Qf)f dnr1+1 cl(\fclc -[-{( OAchcLXA +("(LAB+CAKE) dyx A dxB F...
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Geometry of a black hole horizon
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Horizon dynamics

1
» Null Raychaudhuri equation: (0, — k) © + m@2 +osp0iB =0

describes how the expansion evolves along the null geodesic congruence
Key in the proof of singularity theorems (+ energy conditions)
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Horizon dynamics

1
» Null Raychaudhuri equation: (0, — k) © + m@z +osp0iB =0

d—3
- Damour equation: (0, +0) 04 + 2D 4 (Kj—}— ﬂ@) _ QDBUAB =0

originally thought of as the Navier-Stokes equation for a viscous fluid [Damour ’79][Price, Thorne ‘86]

In fact, it is a conservation equation of a Carrollian (not a Galilean) fluid [LD, Marteau ‘19]

Laura Donnay (9



Horizon dynamics

1
» Null Raychaudhuri equation: (0, — k) © + m@z +osp0iB =0

d— 3
Damour equation: (0, + 0) 04 + 2D 4 (ﬁj—}— ﬂ@) _ QDBUAB — 0

originally thought of as the Navier-Stokes equation for a viscous fluid [Damour ’79][Price, Thorne ‘86]

In fact, it is a conservation equation of a Carrollian (not a Galilean) fluid [LD, Marteau ‘19]

evolution equation:

Rag [Q] — (&U -+ HL) AAB — QD(AQJB) — 2WAWR
d—06

— CHP.
2(d—2) [AB+

1

Qapr-| =0
d—6 "¢

1
+20 4 | Apyc — ZQB)CADD
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Horizon dynamics

1
» Null Raychaudhuri equation: (0, — k) © + m@z +osp0iB =0

d— 3
Damour equation: (0, + 0) 04 + 2D 4 (ﬁj—}— ﬂ@) _ QDBUAB — 0

originally thought of as the Navier-Stokes equation for a viscous fluid [Damour ’79][Price, Thorne ‘86]

In fact, it is a conservation equation of a Carrollian (not a Galilean) fluid [LD, Marteau ‘19]

evolution equation:

Rag [Q] — (&U -+ HL) AAB — QD(AQJB) — 2WAWR

1 d— 06 1
205« [ Amve — =QmeAPy | — O |\ —QupX% | =0
T 207 |AB)C T EB)ICA D 2(d—2) [AB‘|‘d_6 ABA ¢
Tidal force equation:
1
(0y — k) —OAc'O'BC— d_QQABUCDUCDZO
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Geometry of null infinity

= Asymptotically flat spacetime (in Newman-Unti gauge) [Bondi, van der Burg, Metzner ’62] [Sachs ’62] [Newman, Unti ‘62]

r — 00

(u,r,2%), x4 = (2,%)
U4 Ub
d3?¢+ — —Fdu® — 2dudr + r*H g (dch — T—Qdfu) (de — T—Qdu)
1
%AB (UJT) CEC) — (JAB (CEO) + ; CAB (uaxc) +o (7,,—1) )
A\ _ R |[q] B 1 A 2Gmp ~1
F(u,rz )_(d—2)(d—3) —d_28uCA - +o(r ), /
U4 (u,r, :UB) =3 (dl_ 3) (DBCAB — DACBB) + 32_7“ [NA — %CABDOCBCI + o0 (7'_1)
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S UA B UB
dsiﬂ — —Fdu® — 2dudr + r*H g (da?A — T—Qdu> (da: — T—Qdu>
o+ g+
1 _
/, Hap (u,r, .,L,C') = 4AB (xC' + ; Cap (uaxc) +o (’I“ 1) )
Ao Rlg 1 A 2Gmg »
o:\ F(u,r,m )_(d—Z)d—B) d_28uCA . -I-O(r ),
\\\ 1 2 1 —
\\\ U (u, r, xB) =3 ) (DBC'AB — DACBB) + 3 [NA — iCABDCCBc] +o (r 1)
%— \\\‘ j_

dsiﬁ = —pF dv* 4+ 2dvdp + gap (da:A + pﬁAdv) (da:B + pﬂde) :

F (’U,p, :EA) = 2K (fu,a:A) + pFo (U,:BA) +o(p),
94 ('U,p, xB) — 94 (’U,$B) +o0 (p+0) :
JAB (Uapvxc) = QB (Uaxc) + P/\AB (’ngc) + O(p) .
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Infinite-dimensional symmetries

[Newman, Unti ‘62 ][Barnich, Lambert ‘13]
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Infinite-dimensional symmetries
Newnnen - Unk' gaugt (SEAERET AP AN
Lo e j X flox”)
Logerr T
Ly oa = A=Y )+ T

+ “mee- v zon b9 cond howy 5 [LD, Giribet, Gonzalez, Pino ‘15]

37( o O((,) ) ’é JAB O(Fo)
b _ Of) x+o0
A 3nmr {O((’Z) Ko ‘

txktemal e



Infinite-dimensional symmetries
Newnnen - Unk' gaugt (SEAERET AP AN
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Infinite-dimensional symmetries

Newnnen - Unk' gaugt (SEAERET AP AN

Ly 10 j X' $ox")
L, 8w = 7 ab=-p2 4 +7

Ly 9en = EARNAIYARS
F “mearz- ‘p'guZm b’:‘j COM'HUV)» [LD, Giribet, Gonzalez, Pino ‘15]
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Carroll symmetries

CONFORMAL CARROLL AGEBRA (CCARR,))

) o = CCARR
fg=23  fm=ogpm oo

+ A

e 50 (s

NEWMAN - UNTI ALGEBRA (NU )

A
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Null infinity as an extremal horizon

f is an extremal non-expanding horizon for the (unphysical) conformally completed spacetime

dstr—Qstﬂ, Q:g
"

[Ashtekar, Khera, Kolanowski, Lewandowski ‘22] [Ashtekar, Speziale ‘24]

* The expansion of all normal vanishes at .% non-expanding
* GuA ™ 0(1) S is non-twisting

* Subcase: no radiation <«<— isolated horizon

Nap = —0yAaB
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Null infinity as an extremal horizon

f is an extremal non-expanding horizon for the (unphysical) conformally completed spacetime

i, = 0%ds%., Q=2

r
UA
A5’y = Q%ds’,. = Q° [—qu2 — 2dudr + r*Hap (dx — —-du
72
spatial inversion
o2
r=—, U=
p

[d§f+ = ds2%+1 with F=a 2F, 64=—patU"

k=20 =0 wag =0

extremal non-expanding non-rotating
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Null infinity as an extremal horizon

f is an extremal non-expanding horizon for the (unphysical) conformally completed spacetime

~ 84
A5’ = Q%ds’,,, Q= -

This black hole horizon “dual’ to null infinity is in general not part of the physical spacetime

BUT

A consequence of this duality is

If the physical spacetime contains an extremal non-rotating horizon, then

the map %i > fi should be an exact isometry of that spacetime

This ‘explains’ the Couch-Torrence symmetry of
extreme Reissner-Nordstrom (ERN) black holes ) b

[Agrawal, Charalambous, LD‘24]
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ERN as a self-dual example: the Couch-Torrence inversion symmetry

Extremal Reissner-Nordstrom (ERN) black hole

ds? ——A(T)dtQ ” dr? + r2dS2; A(r) = M)?
SERN = 5 + T TTadly (r)=(r—M)
r A(r)
Couch-Torrence (CT) inversion symmetry [Couch, Torrence ‘84]
CT ~ Mr o : _Qd 2 Note: isometry of the conformal metric
r r T = Isometry ot T SERN [Borthwick, Gourgoulhon, Nicolas ‘23]

r—M

CT inversion : maps null infinity to the horizon!

CT . M
r. —— —1, re=1r—M —

2

+ 2M In

T — J[

r— M

M
i(U’T,ZIZA)‘(g(u,T_EI,QCA) ~ c%aigji

Laura Donnay (9



ERN as a self-dual example: the Couch-Torrence inversion symmetry

Extremal Reissner-Nordstrom (ERN) black hole

A (1) r
dstpn = — dt* + dr® + r2dQ3
ERN r2 A (?“) 2
Couch-Torrence (CT) inversion symmetry [Couch, Torrence ‘84]
T . Mr ) _
r C—> ¥y = —— + isometryof T 2d32ERN

r—M

CT inversion : maps null infinity to the horizon!

CT g M
Ty — — Ty re =1 — M —

’ r—M

+ 2M In

r—M

M
i(U’T,ZIZA)‘(g(u,T_EI,QCA) ~ c%aigji
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Matching of near-.Z charges to near- .7Z charges

Massless scalar perturbations on ERN black hole

Ugrn® =0
« Near .# 71 expansion:
1 & ) (u ’I‘A) A g A
ooty Tl 60 (1,64) = 3 3 01 (1) oYom ()
n=0 =0 m=—¥¢

r’Ogry = 0, (r — M) 0, — 2rd,0,r + 200

/41
14 —Nn n ’g —n —
Ny, = Z (_1) +1 T (n ) 1) ME-I-l (u) = 8uN£m 0, ¢>0

n=1

infinite tower of conserved quantities

NP conserved quantities [Newman, Penrose ‘65 ‘68]
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Matching of near-.Z charges to near- .7Z charges

Massless scalar perturbations on ERN black hole

Ugrn® =0

- Near 3+ expansion:

00 00 ¢
o~ Y00 at) () ) =30 3 G0 oY (o)
n=0

=0 m=—/¢

(M + p)*Ogry = 0, p*0, + 2 (M + p) 0,0, (M + p) + 200’

A 20+ 1 ; ¢ - _
AEm = (I)(g-l_l) (’U) + ——l_(I)(g) (’U) + 7 n 1(1)%% 1) (U) = 8@Agm = O, 14 Z 0

infinite tower of conserved quantities

Aretakis charges [Aretakis ‘11]
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Matching of near-.Z charges to near- .77 charges

Conserved quantities near %+ Conserved quantities near fJF

2 (04+1) 26+1 20 U -1 S ebien T l (1 4 (1)
Agm = (I)Em (U) + E—l——l(bgm (’U) + T(I) (U) Ngm = Z (—1) — M ) (u)

n=1

. 8 M\ . M?>
Couch-Torrence (CT) inversion: @ (v, p,:UA) % P (u, r, mA) = ( ) ¢ (U = U, p 7517A>

if D%-i-(i)(”u,p?ﬁj‘/l) — (0 , then Df-f(i(’u,’?“,x‘ﬁl) — ()

ME—I_QAEm — Nﬁm

Map between Aretakis and Newman-Penrose
conserved quantities

[Bizon, Friedrich "12][Lucietti, Murata, Reall, Tanahashi ‘12] [Fernandes, Ghosh, Virmani ‘20]

Laura Donnay (9



Linearized gravitational perturbations on ERN

® forj=0

0 =1
lI’() fOI‘jZQ

e

o,

1 2(j+1) 2j+1
TDERN—(T_M)QJ.@T(T—M) O — Y _1887“3 + 2 (00" + 7)
(J; n) A
0 u,.cc ) (J"” (7, n) A
O~ S5 Y ) ¥ ()

=5 m=—¥

(—j+1 :
(4) —j+1-n n t+] {—j+1-n (J n) (7) :
N, = E —1 M- = —
fm - €—j+1(n+2j—1) oitm () OulNgy, =0, £2]

infinite tower of conserved quantities

NP conserved quantities [Newman, Penrose ‘65 ‘68]
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Linearized gravitational perturbations on ERN

( for 7 =0
v =8y forj=1
k\IJO fOI‘j =2
. Near 7 expansion:
1 2 :
2 = 2(7+41) 27+1 / .
(M—I—p) DERN = 3 o P 8p + (M +p)2j_16’v8p (M—l— ) + 2 (86 ‘|—j)
N 00 12
1 0™ (v,24) ) (A | 4
2 2541 Z n 0 (wa )_g Z +Vem (27)
n=0 =] m=—
G) . pGe-i+n) . 26+ T1 age—g) tJ Ge-i-D) () _

New infinite tower of near-horizon conserved quantities  [Agrawal, Charalambous, LD ‘24]
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Summary and outlook

= We explored a geometric duality between null infinity and black hole horizons

‘null infinity is an extremal isolated horizon for the
conformally completed asymptotically flat spacetime’

« % andits ‘dual’ black hole horizon are generically not part of the same spacetime "4

EXCEPTION : Extreme RN, hence the ‘surprising’ Couch-Torrence exact isometry

wt &L gt

= Under the CT inversion, Aretakis conserved quantities and Newman-Penrose charges are in 1:1 correspondence

We found a novel infinite tower of conserved quantities for spin-two perturbations

Proof of instability of ERN under gravitational perturbations?

Beyond the ERN case? Derivation of other tower of charges?

Overarching goal: obtain the global form of all conservation laws in asymptotically flat
spacetimes with black holes
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