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Abstract: The flat space holography program aims at describing quantum gravity in asymptoticaly flat spacetime in terms of a dual
lower-dimensional field theory. Two different roads to construct flat space holography have emerged. The first consists of a 4d bulk / 3d boundary
duality, called Carrollian holography, where 4d gravity is suggested to be dual to a 3d Carrollian CFT living on the null boundary of the spacetime.
The second is a4d bulk / 2d boundary duality, called celestial holography, where 4d gravity is dual to a 2d CFT living on the celestial sphere. | will
argue that these two seemingly contradictory proposals are actually related. The Carrollian operators will be mapped to the celestial operators using
an appropriate integral transform. The Ward identities of the sourced Carrollian CFT, encoding the gravitational flux-balance laws, will be shown to
reproduce those of the 2d celestial CFT, encoding the bulk soft theorems.
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Motivations

@ Holographic principle:

Gravity in a given spacetime region can be encoded on a lower-dimensional boundary of that region. 'ads ~
@ Explicit realization of this principle: AdS/CFT correspondence. “ads
— "“Quantum gravity in a box" (implemented by Dirichlet boundary conditions) x
@ How general is the holographic principle? Does it extend to asymptotically flat spacetimes?
\::";'dﬁs“:/

Flat space holography program

(see €.g. [Susskind '99] [Polchinski '99] [Giddings '00] [de Boer-Solodukhin ‘03] [Arcioni-Dappiaggi ‘03] [Mann-Marolf ‘06]
for early attempts).

@ Asymptotic symmetries form the Bondi-van der Burg-Metzner-Sachs (BMS) group
[Bondi-van der Burg-Metzner '62] [Sachs '62]

= Broadly studied in the literature
(see €.g. [Newman-Unti '62] [Penrose '65] [Geroch '77] [Ashtekar-Streubel '81] [Barnich-Troessaert '10] )

@ Important obstructions to flat space holography:

@ Null nature of .#* and .#~
@ Radiation leaking through the conformal boundary
— Open gravitational system

== The BMS charges are not conserved i
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Introduction

Holographic nature of null infinity

@ How to construct the holographic dual of asymptotically flat spacetime? (bottom-up approach)

@ Two distinct but complementary visions of #*:

Picture 1: Carrollian holography Picture 2: Celestial holography
# " is seen as a boundary along which # " is seen as a portion of Cauchy
there is an evolution with respect to u hypersurface pushed to infinity
Describe the dynamics of the system Describe the state of the system
Flux-balance laws Scattering problem between .# ~ and .# "
Suggests a 4d bulk / 3d bound- Suggests a 4d bulk / 2d
ary Carrollian holography boundary celestial holography
Dual: 3d BMS field theory Dual: 2d Celestial CFT
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Introduction

Motivations
Carrallian holography

n

Carrollian Holography
@ Carrollian holography:

4d gravity in asymptotically 3d conformal Carrollian
flat spacetime

(BMS) field theory at .5

Carrollian
holography i

BMS algebra ~ conformal Carrollian algebra [Duval-Gibbons-Horvathy '14].

— Dual theory: Carrollian CFT in 3d.

@ "“Carroll” refers to the ¢ — 0 limit of the Poincaré group [Lévy-Leblond '65].

== Carrollian geometry naturally induced on null hypersurfaces [Geroch '77] [Henneaux '79] [Ashtekar-Schmidt '79]:

(Gab, n°)  with gmn® =0.

@ Carrollian holography follows a similar pattern than AdS/CFT correspondence:
4d bulk / 3d boundary duality.

Naturally arises from a flat limit procedure (A — 0).
The flat limit in the bulk induces a Carrollian limit at the boundary.

Romain Ruzziconi
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Introduction
Motivations
Carrallian holography
shy

Pros vs Cons of Carrollian holography

@ Success of this approach:

@ 3d gravity (entropy matching, entanglement entropy, effective action, correlation functions, Carroll anomaly ...).
[Barnich-Gomberoff-Gonzalez '12] [Barnich '12] [Bagchi-Detournay-Fareghbal-Simon "13] [Bagchi-Fareghbal '12] [Detournay-Grumiller-Scholler-Simon '14]
[Bagchi-Basu-Grumiller-Riegler "15] [Hartong '16] [Bagchi-Grumiller-Merbis '16] [Campoleoni-Ciambelli-Delfante-Marteau-Petropoulos-Ruzziconi '22]

©@ Fluid/gravity correspondence [See Marios’ talk]:

[Ciambelli-Marteau-Petkou-Petropoulos-Siampos '18]

Gravity in asymptotically flat spacetime — Carrollian fluid at the boundary

@ Drawbacks:

@ Few is known about quantum Carrollian CFTs.
@ How to treat the non-conservation of the charges generated by outgoing radiation?

Roemain Ruzziconi Carrollian Perspective on Celestial Holography
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Introduction

Viot

Carrollian hl..\l‘.'.ll-"ll.'!}.‘E'l‘-.-

tial holography

Celestial holography

@ Celestial holography:

4d gravity in asymptotically

flat spacetime 2d Celestial CFT

= \
Ve ®
r'/

\
Celestial B i T
holography F l%

\ 8 /

@ S-matrix elements in the bulk <= Correlation functions in a 2d CFT

[de Boer-Solodukhin '03] [Pasterski-Shao-Strominger '17] [Strominger 18] [Donnay-Puhm-Strominger '19] [Fotopoulos-Taylor '19]

@ Massless scattering == Mellin transform: [de Boer-Solodukhin '03] [Pasterski-Shao-Strominger '17] [Pasterski-Shao '17]
L e A;—1
(O (21,2 Onyy(aw 2w)) = ([T [T dwif™) Atwid. {2} {5D)
i=1 Y0
where the CCFT operators (’)AE,J,.(Z;, Z;) are characterized by conformal dimension A; and spin J,.

@ Conformal symmetries in CCFT induced by Lorentz transformations in the bulk: Conf(S?) ~ Lorentz.

Roemain Ruzziconi Carrollian Perspective on Celestial Holography
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Introduction

Carrollian holography
Celestial holography
'L"J|':-\f.-

Pros vs Cons of celestial holography

@ Advantages and successes of this approach:

@ Use the powerful techniques of CFT.
@ Ward identities in the CCFT encode the soft theorems in the bulk.
© New wi~ symmetries uncovered in the CCFT OPEs [See Ana’s talk].
= Infinite tower of soft theorems in the bulk.
= Provides an organization of the solution space in gravity.
[Strominger '21] [Guevara-Himwich-Pate-Strominger '21] [Adamo-Mason-Sharma '21] [Freidel-Pranzetti-Raclariu '21] [Compeére-Qliveri-Seraj '22

[Bu-Heuveline-Skinner '22]
@ Drawbacks:

@ Seems completely different from AdS,/CFTj.
@ Information on the dynamics not manifest.
(Where is time in celestial holography? How to encode the flux-balance laws?).

Romain Ruzziconi Carrollian Perspective on Celestial Holography
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Objectives

@ From the bulk... Gravity in 4d asymptotically flat spacetime:

— Review the BMS flux-balance laws.
(non-conservation of the BMS charges at null infinity) "

@ ...to null infinity... 3d Carrollian CFT at null infinity:

— | How to describe the BMS flux-blance laws from a holographic perspective?

— Sourced Ward identities of the Carrollian CFT
holographically encode the BMS flux-balance laws.

@ ...to the celestial sphere. 2d Celestial CFT:

=i i)
— | How to relate Carrollian and celestial holographies? \._ 2 B
—> Map the Carollian to the celestial operators. \\\k ® /
= Equivalence between Carrollian and celestial Ward identities.

Roemain Ruzziconi Carrollian Perspective on Celestial Holography
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Gravity in 4d asymptotically e Solution space

BMS and conformal Carrollian symmetries
Phase space

Solution space of 4d asymptotically flat spacetimes

@ Asymptotically flat metric in Bondi coordinates to study .#*: (u, r, x*)
where XA = (Z, f) [Bondi-van der Burg-Metzner '62] [Sachs '62]:
2M > -
ds® = (— - O(r_‘)) diit — 2 (1 + O(r 2)) dudr
r
+ (fzfms +rCag + @(!’0)) dx“dx®
1 B 2 1 B C ; -2 A
-+ EBBCA + §(N’4 + ECAaCCB) $Ofr °) | dudx .

@ Flat boundary metric: Gagdx*dx® = 2dzdz (dsjy,, = —2dudr + 2r’dzdz).

@ Time evolution/constraint equations on the mass and angular momentum
aspects

1 1
a,M = -§NABNAB © ZBABBNAB,

1 1 1
BuNa = DM + —-0a(Noc C*) — TN 0nCac — 208(C7 Nac — N7 Cac)

1 1
= ZaBaBaCcAc s Z.aga,qaccf“f,

with Nag = 9, Cag the Bondi news tensor.
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Gravity in 4d asymptotic ; Solution space
BMS and conformal Carrecllian symmetries
Phase space

Asymptotic symmetries

@ Restriction at .7 of the asymptotic Killing vectors:
- - u._ . 9 - 3y D)
£l o+ =6V, V,)) = [T + 5(0}’ + d)’)] Oy + Y0+ )0

where

© 7 = T(z,2) is the supertranslation parameter;
Q YV =Y(2), Y = Y(2) are the superrotation parameters satisfying the conformal Killing equation.

@ Commutation relations: . . : . : .
ECI,Va, V), ElL, Yo )] = E(The, Yo Vin ),
with i
Te=00Ts - J0NTa— (1) +ce, Yo=K - (162, Ju=Nd-(1c2)

where c.c. stands for complex conjugate terms. = | bms4 >~ Conformal Carroll algebra. | [Duval-Gibbons-Horvathy '14]

(Extended BMS: bmsﬁ"t . (Wit‘t & Wi‘tt) g sup cttranslations™ [Barnich-Troessaert '10})

Roemain Ruzziconi Carrollian Perspective on Celestial Holography
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BMS : nformal Carrollian symmetries

Phase space

@ Atacut S, = {u = constant} of ¥, one can construct “surface charges” associated with BMS symmetries using
covariant phase space methods [Wald-Zoupas '99] [Barnich-Troessaert '10]. [See Adrien’s lecture]

@ BMS charges are non-integrable and non-conserved due to the outgoing radiation at .# .
= Typical properties for a dissipative system.

@ Selection of a meaningful integrable part:

[Compere-Fiorucci-Ruzziconi "18] [Campiglia-Peraza '20] [Compere-Fiorucci-Ruzziconi '20] [Donnay-Ruzziconi '21] [Freidel-Pranzetti '21]:

He[g] :

= — d'z[2T H4 + YN +IAH]
8?TG Sy

1 53 - 1 - 33 3 =
A= M + é(CZZNZZ + CEENZZ), N = N; — ud A + ZCZ'EGCZZ + E@(CHC”)]

u - A2 1 z =2 1 z
+ Zd[(d i 5sz)c2 - (& - 5sz)cz].
@ Remark: .# = -Re\llg, = —\U(f + Uéwg [Newman-Penrose '62] [Newman-Unti '62].

@ Properties: (/) conserved when Nag = 0, (/i) generate canonically the transformations on the radiative phase space, (iii)
form a representation of BMS algebra at # ¥ [See Laura's talk].

@ BMS flux-balance laws:

d -
o Helgl = Felel # 0, Felgllngg=o = 0.
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From the bulk...

...to null
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Sourced Ward identities

Sourced Carrollian CFT

Sourced C

Sourced Ward identities

@ Goal: | Establish a framework that holographically encodes the leaks through the conformal boundary.

—= Key ingredient: coupling with external sources [Troessaert '15] [Wieland '20] [Barnich-Fiorucci-Ruzziconi, to appear].
@ Consider a QFT on a manifold .# with coordinates x°.
@ Fields: ®'(x), symmetries: dx®' = K'[®], conserved Noether currents: 9,ji(x) = 0.
@ Couple the theory with external sources o(x) :

—= Classically, generically breaks the Noetherian symmetries;
— Noether currents are no longer conserved:

.3
Faji (x) = Fk(x), Fr(x)lo=0c = 0.
@ At the quantum level, sourced Ward identities (key result) [Donnay-Herfray-Fiorucci-Ruzziconi '22]:

Ba(ig (X)X >+’* 5 (x = x3) 8yt (X) = (F(x)X)

i=1

with
P X =¢10q). . N (xn): insertions of operators;
@ 6. (X) = (P1(x)... K'[®(x)]...P'N(xn)).

= With no field insertion: 9, (jx(x)) = (FK(X)) (reproduces the classical equation);
= In absence of sources: d,(ji(x)X) + &2 SN, 8 (x — x;) d,i (X) = 0 (standard result).
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Sourced Ward identities

Sourced Carrollian CFT

Sourced C

Sourced Ward identities

@ Goal: | Establish a framework that holographically encodes the leaks through the conformal boundary.

—= Key ingredient: coupling with external sources [Troessaert '15] [Wieland '20] [Barnich-Fiorucci-Ruzziconi, to appear].
@ Consider a QFT on a manifold .# with coordinates x°.
@ Fields: ®'(x), symmetries: dx®' = K'[®], conserved Noether currents: 9,ji(x) = 0.
@ Couple the theory with external sources o(x) :

—= Classically, generically breaks the Noetherian symmetries;
— Noether currents are no longer conserved:

.3
Faji (x) = Fk(x), Fr(x)lo=0c = 0.
@ At the quantum level, sourced Ward identities (key result) [Donnay-Herfray-Fiorucci-Ruzziconi '22]:

Ba(ig (X)X >+’* 5 (x = x3) 8yt (X) = (F(x)X)

i=1

with
P X =¢10q). . N (xn): insertions of operators;
@ 6. (X) = (P1(x)... K'[®(x)]...P'N(xn)).

= With no field insertion: 9, (jx(x)) = (FK(X)) (reproduces the classical equation);
= In absence of sources: d,(ji(x)X) + &2 SN, 8 (x — x;) d,i (X) = 0 (standard result).
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Ward identities

arrollian CFT

Sourced Carrollian CFT

@ Consider a 3d Carrollian CFT. x* = (u, z, Z). Carrollian structure: ds® = 0du® + 2dzdz and n°, = 9,,.

@ Noether currents: N
- et -’M
Jrg — Cabé_:b: Cab = I: BA AABB :I .

— (% Carrollian stress-tensor; M, N, B*, A%g: Carrollian momenta.
[Ciambelli-Marteau-Petkou-Petropoulos-Siampos '18] [de Boer, Hartong, Obers, Sybesma, Vandoren '18] [Ciambelli-Marteau '18] [Donnay-Marteau '19]
[Chandrasckaran-Flanagan-Shehzad-Speranza '21] [Freidel-Pranzetti '21]

@ Consider the sourced Ward identities with (quasi) conformal Carrollian primary fields insertions:
u LA = _ .
0P iy = [(T = E(f)}’ + (‘9}’)) Oy +YO+ YO+ koY + kd}’} Qv
@ Sourced Ward identities for 3d Carrollian CFT:
h t :
Su <JM X) + T 26(3)(}( . Xf)au'; <X> = (FU X) ?

8y (Nz X) — -;-8 (M X5 B (AL, X) + f:f Sy [5<3J(x - x)8 (X) -8 (5(3)(x =k (X))] = (F, X) ,

(BAX)=0, (CA%, + %M)X) 4 ? > 6P (x - x) ki (X) =0.

@ Claim: | The sourced Ward identities holographically encode the BMS flux-balance laws.

Roemain Ruzziconi Carrollian Perspective on Celestial Holography
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BMS : nformal Carrollian symmetries

Phase space

@ Atacut S, = {u = constant} of ¥, one can construct “surface charges” associated with BMS symmetries using
covariant phase space methods [Wald-Zoupas '99] [Barnich-Troessaert '10]. [See Adrien’s lecture]

@ BMS charges are non-integrable and non-conserved due to the outgoing radiation at .# .
= Typical properties for a dissipative system.

@ Selection of a meaningful integrable part:

[Compere-Fiorucci-Ruzziconi "18] [Campiglia-Peraza '20] [Compere-Fiorucci-Ruzziconi '20] [Donnay-Ruzziconi '21] [Freidel-Pranzetti '21]:

He[g] =

= — d°z[2T M + YN +IA]
8?TG Sy

1 53 = 1 - 33 3 =
A= M + é(CZZNZZ + CEENZZ), N = N; — ud A + ZCZ'EGCZZ + E@(CHC”)]

u - A2 1 z 52 1 z
+ Zd[(d _ 5sz)c2 - (& - 5sz)cz].
@ Remark: .# = -Re\llg, = —\U(f + Uéwg [Newman-Penrose '62] [Newman-Unti '62].

@ Properties: (i) conserved when Nag = 0, (ii) generate canonically the transformations on the radiative phase space, (iii)
form a representation of BMS algebra at # ¥ [See Laura's talk].

@ BMS flux-balance laws:

d -
o Helgl = Felel # 0, Felgllngg=0 = 0.
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Sourced Ward identities

Sourced Carrollian CFT

Holographic correspondence

@ Correspondence between boundary Carrollian momenta and bulk gravitational data at F T [Donnay-Herfray-Fiorucci-Ruzziconi '22]:

1 1 AB A 1 A
(M) = = [M+ (GaN")|, (A%) + 58" (M) =0,

1 1. .g e, 3. . . o.n T 1 g UOop. 1 £
(Na) = TC Na + ZCA OcCg + ﬁaA(CB Ce)+ 13 (OsOc — §NBC)CA - 13 (9a0c — §NAC)CB -

@ Fixed by requiring compatibility between boundary Noether currents and bulk gravitational charges.

@ Similar to the AdS/CFT dictionary where the holographic stress-energy tensor of the CFT is identified with some
subleading order in the expansion of the bulk metric. [Balasubramanian-Kraus '99] [de Haro-Solodukhin-Skenderis '01]

@ External sources identified with the news: a8 = Njg .
@ Dissipation through some fluxes F,[o], Fa[o] such that F,Jo = 0] = 0 = Fa[o = 0]
=— With these identifications, the sourced Ward identities reproduce the BMS flux-balance laws.
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Relation with celestial holography

Pirsa: 22100038

How to relate Carrollian

and celestial holographies?
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Carrollian and celestial operators

CHI d identities

Sour Carrollia -~ A
Carrollian and celestial W

Relation with ce ial holography

(

Relation between Carrollian and celestial operators

@ Relation between (quasi) conformal Carrollian primary operators and CCFT operators [Donnay-Herfray-Fiorucci-Ruzziconi ‘22
—A; ¢our

+ oo
Oar 4(2, %) = i®ira] / du; u; (i k) (Ui s Zi Zi)
e (Fourier + Mellin transforms)

in = A i _Aj in =
08, 5, 3) = TIa) [ a0, 1)(%,2,3).

—> Exchange between time and conformal dimension. e
— Extrapolate dictionary [Pasterski-Puhm-Trevisani '21]. space a(w, z, 2) ‘
— Scattering bases [Donnay-Pasterski-Puhm '22]. s
@ Matching between Carrollian weights (k, k) and celestial spin J: L )
= 1
. ) V. .
° Corr6|at|0n fUnCtlonS (N = Mo n): [ Position SpACe ] [ Mellin space
o . 'I‘I*_K.I(n‘fa: z, Z) !“’”” % Qs (2, 3)
out = in = T
<HOA;=Jf(zi’zi)HOAJ-‘Jj(ZJ:zj)> =
i=1 i=1
bl + 00 f + oo . !
[ A —-4; A 7aj out out in in
i=1 e i=1 e » ~ i ~ ’
Insertions at & T Insertions at &

Carrollian Perspective on Celestial Holography

Romain Ruzziconi

Pirsa: 22100038 Page 21/25



Carrollian and celestial operators

CF1 2 . . i
Carrollian and celestial Ward identities

Relation with celestial holography

Relation between Carrollian and celestial Ward identities

@ Integrated version of the sourced Carrollian CFT:

;
(Sc— XY= — F — -E j
"< ) ﬁ< /.fﬂ—u.f‘F < /ﬁ:]s +/-f“’._1

FAT
b
~

where X = &2 - \(x1). .. ¢FE;,;m)(Xm)¢Ell,El)(xl) i q)an,;n)(x”)'

(k1 k1)
@ Assumption of massless scattering: jé‘yi— =0 :Jé\f:
@ Incoming flux = outgoing flux: [, Fz = — [, F¢ (constraint on the sources).

@ With these assumptions = invariance of the correlators under BMS symmetries: | 6:(X) = 0.

[Donnay-Herfray-Fiorucei-Ruzziconi '22
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Carrollian and celestial operators

CF1 : ; ; o
Carrollian and celestial Ward identities

Relation Wlth ce |: <t|q| holographv

@ Supertranslations:
@ Define the supertranslation current [Strominger '13] :

1 +o0 400 - ! 3 1
P(Z,E) = 4— (/ du +] d\f’) on., M., = au/vq}zm P(Z Z) = (_ _)

G e — e

@ Perform the integral transforms on X:

N
dr(X) =0 <= <P(Z12)HOA,-‘J,-(ZE,EE)> _lz <---oaq+1‘Jq(Zq»Eq)--r> =0.
i=1 d

(leading soft graviton theorem)

@ Superrotations:

@ Define the 2d stress-tensor [Kapec-Mitra-Raclariu-Strominger '17]

[ dwdw [ [+ +o00
i) = f WW(/ duu+/ dvv)é)e'l'lw,, T(2): (2,0).
8 G

@ Perform the integral transforms on X:

Sy (X) =0 <T(z HOAJ,, Z;,Z')>+hi[

q=

z—w — oo — oo

9q

Z — 24

i (2—2)2] <HOA,1, Ziaff)>:0,

(subleading soft graviton theorem) hy = %(Aq + Jg)
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Perspectives
The End

Conclusion

Perspectives

@ Two complementary approaches to flat space holography:

Carrollian holography | <> | Celestial holography

—= Deduce more insights in Carrollian holography from celestial holography and reciprocally.
— Duality between holographic 3d Carrollian CFT and 2d CCFT?

@ Relation with (A)dS/CFT correspondence?

—= In the bulk, the flat limit works provided one starts with leaky boundary conditions.
= A-BMS symmetries and phase space. [Compére-Fiorucci-Ruzziconi '19] [Fiorucci-Ruzziconi '21]
— Obtain the sourced Carrollian CFT in the ultra-relativistic limit of a sourced CFT.

ﬁ+
i+ -+ “ds /
— 'ads — ~ 'ads — //'(
\_‘_____-_,_,/ \.“_____'_-_’_,/
“ads 3 »
e, s 5 3
¥ b £ z e
5 s
/ 2 "
o e e Sy e s =
aAds Ads ds
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Conclusion

Thank you!
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