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Motivations

Motivations

@ Holographic principle: — IAdS ——
. . - . . . - . \—_____—-’/
Gravity in a given spacetime region can be encoded on a lower-dimensional boundary of that region. -
= Explicit realization: AdS/CFT correspondence. \ g

Bottom-up approach: use what we know from gravity in the bulk to construct a dual theory.
Interesting observations:

@ Asymptotic symmetries: conformal symmetries at the timelike boundary.
— Asymptotic symmetries of the bulk theory = global symmetries of the dual theory. - S

@ Closed system (implemented by Dirichlet boundary conditions). S~ —
— Quantum gravity in a box.

@ How general is the holographic principle? Does it extend to asymptotically flat spacetimes?

Flat space holography program

(Early attempts: [Susskind '99] [Polchinski '99] [Giddings '00] [de Boer-Solodukhin '03] [Arcioni-Dappiaggi '03] [Mann-Marolf '06]).
Interest: model for a large range of phenomena (from collider physics to astrophysics).
Important obstructions to flat space holography:

@ Asymptotic symmetries: Bondi-Metzner-Sachs (BMS) symmetries at the null boundary.
[Bondi-van der Burg-Metzner '62] [Sachs '62] [Newman-Unti '62] [Penrose '65] [Geroch '77] [Ashtekar-Streubel '81]
[Barnich-Troessaert '10] [Strominger '13]

@ Open system (standard asymptotically flat boundary conditions are leaky).

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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Motivations

How to formulate flat space holography?

@ Correspondence between gravity in asymptotically flat spacetimes and a lower-dimensional field theory without gravity.
@ Two proposals for flat space holography in 4d:
—> Celestial holography: the dual theory is a 2d CFT living on the celestial sphere 52,
[de Boer-Solodukhin '03] [He-Mitra-Strominger '15] [Kapec-Mitra-Raclariu-Strominger '16] [Cheung-de la Fuente-Sundrum '16] [Pasterski-Shao-Strominger '17]
[Pasterski-Shao '17] [Donnay-Puhm-Strominger '18] [Stieberger-Taylor '18] [Pate-Raclariu-Strominger-Yuan '19] [Adamo-Mason-Sharma '21] ...
= Carrollian holography: the dual theory is a 3d Carrollian CFT living at null infinity % ~ R x 52
[Arcioni-Dappiaggi '03] [Dappiaggi-Moretti-Pinamonti '06] [Barnich-Compére '07] [Bagchi '10] [Barnich '12] [Bagchi-Detournay-Fareghbal-Simon '12]
[Barnich-Gomberoff-Gonzalez '12] [Bagchi-Basu-Grumiller-Riegler '15] [Ciambelli-Marteau-Petkou-Petropoulos-Siampos '18] [Donnay-Fiorucci-Herfray-Ruzziconi '22] ...
@ The two proposals are related [Donnay-Fiorucci-Herfray-Ruzziconi '22] [Bagchi-Banerjee-Basu-Dutta '22].
@ Objectives of this talk:
= Carrollian holography is useful, relation with AdS/CFT.
= Definition of Carrollian amplitudes. [Mason-Ruzziconi-Yelleshpur Srikant '23].
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M 5
Carrollian holography

What is Carrollian holography?
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Carrollian holography

oll ] '8

Carrollian algebra

@ “Carroll” refers to the limit ¢ — 0 where ¢ is the speed of light [Lévy-Leblond '65].

@ Carrollian limit of the Poincaré algebra:
= Translations H = 8¢, P; = 0; and rotations J; = x;0; — x;9; are unchanged.

. . 0 r
= Boosts are affected: B; = c2td,- — X0 oY B; = —x;0:.

@ Carrollian boosts shift time but do not affect space:

! e —/ —
t' =t— b.X, X X

= Space becomes absolute (see diagram).

= Opposite to the usual Galilean limit (¢ — oco) where time becomes absolute:

t' =t - O - 01 S,

—=r<0—-

@ Carrollian algebra (lonu-Wigner contraction of Poincaré algebra when ¢ — 0):

@ (Global) conformal Carrollian algebra (lonu-Wigner contraction of the conformal algebra SO(d, 2) when ¢ — 0):

= Add the dilatation: D = (t9; + x"(?,'). and the Carrollian special conformal generators: K = x>, and
K; = Xza; = 2X,'X18J; — 2x;t0%.

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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Motivat
Carrollian heolography

@ Why the name “Carroll”?
— Refers to Lewis Carroll, the author of Alice in Wonderland. In Levy-Leblond's words:

“Since absence of causality as well as arbitrarinesses in the length of time intervals is especially clear in Alice’s adventures (in particular in the
Mad Tea-Party) this did not seem out of place to associate L. Carroll’s name”

@ Besides its interest for flat space holography, Carrollian physics is interesting to study black holes, cosmology, fractons, fuids, ...

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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I
Carrollian holography

Carrollian geometry

@ Metric degenerates to spatial metric in the limit ¢ — 0:

ds? = mapdxdx® = —c2dt? + Sydx'de S22 ds? = §jdx’ dx!
@ |Inverse metric degenerates to temporal bi-vector:
2 ab (1 0 c—0 a b . a __ ca
—c'n™" = (0 —525‘3) —— n"n withn® = §;

@ Carrollian geometry: degenerate metric q,p, and vector field n? such that qabnb = 0. [Henneaux '79] [Duval-Gibbons-Horvathy-Zhang '14]
@ Carrollian algebra Carry = symmetries of the Carrollian geometry:
Ly =0, Lgn” =0
@ Conformal Carrollian algebra €Carry = conformal symmetries of the Carrollian geometry:
Ef_qéb = 2(}:qab, Ce—na = —an’
@ Why is it relevant at null infinity?
= ¥ being a null hypersurface, the induced metric is degenerate!

== Conformal Carrollian structure at .# induced by conformal compactification [Geroch '77] [Ashtekar '14]

2 a -1 a
Gap ™~ W Gap, N ~wW N

= BMS symmetries = Asymptotic symmetries in flat space [Bondi-van der Burg-Metzner '62] [Sachs '62]

= Conformal symmetries of the Carrollian structure at .#.

@ lIsomorphism: | bmsgy, 1 =~ €€arry. [ [Duval-Gibbons-Horvathy '14] and Poincaréy 1 ~ Global €Carry

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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Mo
Carrollian holograph

Carrollian holography

Gravity in (d+1)-dimensional d-dimensional conformal
asymptotically flat spacetime Carrollian field theory at .#

Carrollian |
holography |

@ Standard holographic correspondence: Asymptotic symmetries of the bulk theory = global symmetries in the dual theory.

@ The dual theory is a d-dimensional Carrollian CFT (= theory exhibiting conformal Carroll/BMS spacetime symmetries)
—> Can be constructed by taking ¢ — 0 of standard relativistic CFTs, see e.g.
[Schild '77] [Isberg-Lindstrom-Sundborg-Theodoridis '94] [Barnich-Gomberoff-Gonzalez '12] [Duval-Gibbons-Horvathy ‘14] [Bagchi-Mehra-Nandi '19]

@ Carrollian holography follows a similar pattern than AdS/CFT correspondence: (d + 1)-dimensional bulk / d-dimensional boundary duality.

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

[Bagchi '10] [Barnich-Gomberoff-Gonzalez '12] [Ciambelli-Marteau-Petkou-Petropoulos-Siampos '18] [Compeére-Fiorucci-Ruzziconi '19]

[Campoleoni-Delfante-Pekar-Petropoulos-Rivera Betancour '23]

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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Mo
Carrollian holograph

An overview of previous works...

@ Valid for all spacetime dimensions.
@ Clear link with AdS/CFT through the flat limit A — 0, implying ¢ — 0 at the boundary.
@ Flat limit successfully exploited in 3d gravity:

Gravitational solution space and symmetries (WittéWitt = bms3) [Barnich-Gomberoff-Gonzalez '12] [Bagchi-Fareghbal '12]

Entropy matching between flat space cosmologies and Carrollian CFT [Barnich '12] [Bagchi-Detournay-Fareghbal-Simon "13]

Entanglement entropy formulae [Li-Takayanagi '11] [Bagchi-Basu-Grumiller-Riegler '14] [Jiang-Song-Wen '17]

Holographic computation of boundary Carrollian stress tensor correlators [Detournay-Grumiller-Scholler-Simon '14] [Bagchi-Grumiller-Merbis '15]
[Hartong '16]

Effective Carrollian CFT action at .# [Barnich-Gomberoff-Gonzalez '13]

Holographic anomaly in flat space [Campoleoni-Ciambelli-Delfante-Marteau-Petropoulos-Ruzziconi '22]

0 0000

@ Flat limit of the gravitational phase space and symmetries also works in 4d.

[Compere-Fiorucci-Ruzziconi '19] [Compere-Fiorucci-Ruzziconi '20] [Geiller-Zwikel '22]

@ Flat limit in the fluid/gravity correspondence. [Ciambelli-Marteau-Petkou-Petropoulos-Siampos '18] [Freidel-Jai-akson '22]
[Campoleoni-Delfante-Pekar-Petropoulos-Rivera Betancour '23]

Carrollian CFT actions at the boundary of 4d flat space. [Adamo-Casali-Skinner '14] [Barnich-Nguyen-Ruzziconi '22]

Relation with 4d S-matrix and celestial amplitudes?
[Donnay-Fiorucci-Herfray-Ruzziconi '22] [Bagchi-Banerjee-Basu-Dutta '22] [Mason-Ruzziconi-Yelleshpur Srikant '23]
= To be clarified in this talk.
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Carrollian stress tensor in 4d asymptotically flat spacetime
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Y 5
ian ho hy Gravity in 4d asymptotically flat spacetime
Carrollian stress tensor Carroll

Carrolliat

Solution space of 4d asymptotically flat spacetimes

@ Asymptotically flat metric in Bondi coordinates to study .#*: (u, r, xA) where
A

x"' = (z, Z) [Bondi-van der Burg-Metzner '62] [Sachs '62]:
2M
ds® = ( + O(r_z)) du® — 2 (1 + O(r_z)) dudr
r

+ (rQéAB +rCxug + O(ro)) dx” dx®
1, B, 2 L N, -5 A
-+ 5dBCAJr3—(NA+ECI,,‘dCCB)qLO(r ) | dudx” .
r

@ Flat boundary metric: C}AdeAde = 2dzdz.

® Minkowski metric: dsgy,, = —2dudr + 2r*dzdz.

@ Subleading corrections in r with respect to Minkowski metric are obtained by solving the
A).

Einstein equations. They involve functions of (u, x

@ Cup : asymptotic shear,

@ Nag = 0,Cap : Bondi news (outgoing radiation),
© M : mass aspect,

Q@ N4 : angular momentum aspect. i

@ Similar analysis at .# = in advanced Bondi coordinates (v, r, xA)A

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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pl Gravity in 4d asymptotically flat spacetime

nsor Carroll

@ Time evolution/constraint equations on the mass and angular momentum aspects
1 1
OuM = — —NsgNB + Z9,05N"B,
8 4
1 BC 1 BC 1 BC BC
OuNp = 0aM + l—ﬁ“aA(NBCC = ZN 9aCsc — ZSB(C Nac — N7~ Cac)
1 1
- EBBSBSCCAC i iaBaAaCcBC,
with Nag = 9,Cxap the Bondi news tensor.

@ Bondi mass loss formula [Trautman '58] [Bondi-van der Burg-Metzner '62]:

g 1 g
Ay d’zM| = —= d’z NagNE < 0.
AB ==
52 8 /52

o0

— The mass decreases in time due
to the emission of gravitational waves.

= The analysis at .# * provides some information on
the dynamics of the system.

@ Solution space at leading order: {M(xA): NA(xB), Cag(u, x9)}.
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ian ho hy Gravity in 4d asymptotically flat spacetime
Carrollian stress tensor Carroll

Carrolliat

Asymptotic symmetries and charges

@ Asymptotic symmetries = diffeomorphisms preserving Bondi gauge & asymptotic flatness, with non-trivial action at .# .

— Form the (extended) BMS algebra: bl‘nSiXt = (Witt @ Witt) ¢ supertranslations™ [Bondi-van der Burg-Metzner '62] [Sachs '62]
[Barnich-Troessaert '10]

@ Restriction at . of the asymptotic symmetries: 5‘ o+ = ['T - %(8)) + 55))] Oy + VO + Y8 where
© 7 = T (z, 2) is the supertranslation parameter;
@ Y = V(z), Y = Y(Z) are the superrotation parameters satisfying the conformal Killing equation.

@ BMS charges = surface charges defined at a cut §;, = {u = constant} of # T, Obtained using covariant phase space methods +
compatibility with symmetries [Wald-Zoupas '99] [Barnich-Troessaert '10] [Flanagan-Nichols '15] [Compere-Fiorucci-Ruzziconi '18] [Campiglia-Peraza '20]
[Donnay-Ruzziconi '21] [Freidel-Pranzetti '21]

_ 1 o -
Aele]l = — 22T M + YN + YN]
8nG Js,
1 55 = 1 J— 3 =
A = M + g(CZZNZZ -+ CZ*ENZZ), A = Ns — ud # + ZC};E)C” + EO(CZZCZZ)]
U= o2 1 z 52 1 . z
+ Zd[(d - ENZZ)CE - (8° - ENZZ)CZ]»
@ Remark: & = —REWO, N = —W? + ufﬁwg [Newman-Penrose '62] [Newman-Unti '62].
@ BMS flux-balance laws (e.g. Bondi mass loss formula):
% Fielel = Felel #0.  Fele] 0
du fg_ Eg ' agNAB=0_

= Important role in gravitational wave physics.

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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an hol phy Gravity in 4d asymptotic:
Carrollian stress tensor Carrollian stress tensor
¢ ol tL Flux-balance laws and ex

Carrollian CFT

@ Coordinates: x? = (u, x™), x* = (z, Z). Carrollian structure: ds®> = 0 du® + 2dzdZ and n?8, = 9.

@ BMS/conformal Carroll symmetries: £29,; = [T HE S (O f 5‘37)] dy + YO + Y with defining property:
Lgqap = 2aqqp ﬁg"a = —an’,

with o = %(ay + aY)
@ Consider a 3d Carrollian CFT (theory exhibiting conformal Carroll/BMS symmetries).
= Putative holographic dual in Carrollian holography.
@ Noether currents:
L

= C?p(u, z, 2): Carrollian stress tensor locally defined at .# .
[Ciambelli-Marteau-Petkou-Petropoulos-Siampos '18] [de Boer, Hartong, Obers, Sybesma, Vandoren '18] [Ciambelli-Marteau '18] [Donnay-Marteau '19]
[Chandrasekaran-Flanagan-Shehzad-Speranza '21] [Freidel-Pranzetti '21] [Donnay-Herfray-Fiorucci-Ruzziconi '22]

@ Ward identities: | 8, (jg(x)) =0

Carrollian translations 9p =  O5C =0,
Carrollian rotation —z8+26 = {C?;) — (CEZ-) =0
Carrollian boosts Ao, = (CAU) =0
Carrollian dilatation  : x?0, = (e =0,

@ Global conformal Carrollian symmetries (=~ 4d Poincaré symmetries) are enough to constrain C?,.
= No further constraints coming from supertranslations and superrotations.

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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vity in 4d asymptotically

Carrollian stress tensor Carrollian stress tensor

Carrolliar tu Flux-bz

Holographic correspondence

@ Correspondence between boundary Carrollian momenta and bulk gravitational data at .# * [Donnay-Herfray-Fiorucci-Ruzziconi '22]:

(€)= 2 (che)+ s6hs(C%) =0
u 747’1'@1 B > B u) — 3
u 1 : =
(C A}:—(L/VA—}—UdA‘/%), L/VAZ(L/VW)
87 G

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

- : = | 1 : . _
Helg] = ]S izl = ﬁfs Pz 2T M + VN + IAN]

- - -

Boundary Noether charges Surface charges for bull“:rasymptotic symmetries

@ 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]

£2

1 3
2. 2 (0) 2 (2) 3 (3) 4 a, b . (3)
s e =8 & + O dx?dx®, j T
e p p (gab P8 P8 (p )) (Tab) Torcp b
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ian ho Y Gravity in 4d asymptotically fl
rollian stress tensor Carrollian stress tensor
Flux-balance laws and external sc

Comparison between AdS and flat

@ Interesting sub-sector: 4d non-radiative (Nag = 0) asymptotically flat spacetimes.
(Precise definition of non-radiative: \Ug =0} \Ug —10: Imllfg =0)

@ Situation similar to 3d gravity:
0 The BMS charges are conserved, %F!ﬁ = 0.

@ (.#, A,) transforms in the coadjoint representation of BMS. [Barnich-Ruzziconi '21]
© Boundary Carrollian CFT action (“BMS geometric action”) describing the asymptotic dynamics of the bulk.
= Associated Carrollian stress-tensor C?j, encodes (.# , .A4). [Barnich-Nguyen-Ruzziconi ‘22

@ Carrollian holography for 4d non-radiative asymptotically flat spacetimes is qualitatively similar to AdS/CFT (A — 0):
[Donnay-Herfray-Fiorucci-Ruzziconi '22]

AdS Flat
Timelike boundary Null boundary g+
Fefferman-Graham gauge Bondi gauge
Conformal symmetries ¢? BMS symmetries £2
Relativistic stress tensor T7 Carrollian stress tensor C¥,
Conserved charges: Conserved charges:
Ae = [o(T'a)? GHe = 0 Ae = [o2(CY2)€ fAe = 0
Dual: 3d CFT Dual: 3d Carrollian CFT

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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an holography
Carrollian stress tensor Carrollian stress tensor
¢ ol tu Flux-balance laws and external sources

External sources and radiation

How to include the radiation?

@ Problem: No longer correct to assume Bajg =0

— This is in contradiction with the flux-balance laws!

d _
2 Felel = Felel #0. Felel| =0

@ Interpretation: couple the Carrollian CFT with external sources o(x) at the boundary.

@ External sources identified with the Bondi news: ocag ~ Nyg .
= The sourced Carrollian Ward identities reproduce the BMS flux-balance laws [Donnay-Fiorucci-Herfray-Ruzziconi '22].

@ How to include the sources in the holographic picture?
= The sources encode the radiative sector describing initial/final states of a massless scattering.
— Investigate massless scattering in a Carrollian language.

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography
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Carrollian amplitudes
Conclusion

Carrollian and celestial amplitudes
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Definition and dictionary

Carrollian amplitudes

Massless scattering in flat space

Can we encode the bulk S-matrix into boundary Carrollian CFT correlators?

@ Strategy: start form the bulk operators, and deduce the boundary operators at .# . [Ashtekar '81] [Arcioni-Dappiaggi '03] [Strominger '17]
[Donnay-Fiorucci-Herfray-Ruzziconi '22]

@ Consider a spin-s (s = 0,1, 2, ...) massless field in flat space:
K - - .
qbss)(X) = =) E j w dw dzw[agf)(w, w, w)e, “ (w, W) Ll —}—af,f’(w,W,W)Ts?(w,ﬁ)e_wq“x“}
1673 '

with | = (2 ... us) and

pi-b(w,w,ﬂf):wqﬂ(w,ﬁ/), qﬁi(w, W) = $(1+ww,w+v’v,—f(w—W),l—ww),
+ B e N + (= L n o = »
&-I_LllLs(q) = E.u__l(q)sjuz (q) v 'E;_ts(q)" 6;:(6) = awqﬁl = ﬁ (_W’1’ — 1 _W)1 E.u, (q) = [E“:(q)]*'

@ Taking r — oo (stationary phase approximation), we find the boundary values:

- - . 1—s -

2tz 2 = lim (700 (.2, 2)
iK, "t , .

- A )] / - dw {a(f)om(w,z,f)ei'wu — a(j) out(w’ z,f)TeM“} at &1,

82 Jo :

(;_5(5) (v, z z')[n = ——fK(S) /*OO dw {a(s] in(w z Z)e_fwv — a{s)in(w z Z)Teiwv] at &~

Lol 1= - 4 5=y _ y £y .

8w2 Jo ‘

= Insertion operators for a massless scattering between .%# ~ (in) and .# " (out).
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Definition and dictionar

Carrollian amplitudes

Conclusion

Amplitudes in position space
@ Scattering amplitudes in position space at .#:

Cp = <0|(E§15)(X1 )out o qggz)(xn)outd—)gs)

D o)™ 0 )™ o)

L e » N ,
. [1 /) donce™nk T] [ doog 0" An(lin}. faid (2D
k=170 0

N
(271-) £=n+1

where x?m/m = LUpf VisZis Zt):

Can we re-interpret these as correlators of Carrollian operators at .#7?

@ Conformal Carrollian primary field (D(k‘;)(u, z,Z):
u

8e®( k) = [(T + 500y + 55))) Ou + YO+ YO+ kdY + Eéj}] ®, 5»  (k k) Carrollian weights.

(analogue of primary field in CFT)
— Can be deduced from Carrollian highest-representation [Bagchi-Dhivakar-Dutta '23]:

[Lo, ©(0,0,0)] = k#(0,0,0), [Lg,®(0,0,0)] = k&(0,0,0)
[Ln1¢(0:0~0)] =0 = [Enacb(oaoa O)]* [Mrs~¢(010*0)] = Or vnsr15 >0
where

1 _ 1
Ly = z2"18, + S+ 1)2"ud,,  Lh=z""o5 + ~n+ 1)z"ud,, M, s=258,, nrscl

= The Carrollian primaries transform in unitary representations of global €Carrz ~ Poincarés [Nguyen-West '23] [Nguyen '23].

@ Remark: if d)(k,;)(u, z,Z) is a Carrollian primary, then 8U¢'(k,E)(”’ z,Z) is also a Carrollian primary with shifted weights (k + %, k + %)
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Definition and dictionary

Carrollian holography identification

@ Carrollian operators = boundary value of bulk operators:

[Arcioni-Dappiaggi '03] [Dappiaggi-Moretti-Pinamonti '05] [Donnay-Fiorucci-Herfray-Ruzziconi '22]

iy 2D = 805 w22, SN2, 2) = B (v, 2,2)

= This implies k = 1+2CJ, k = 1_%’ with € = £1 for out/in.

— For gravity (s = 2), ¢(6::-:)1(U,Z,f) = Czz(u,2,2) (J =2and (k, k) = (% _%))

@ Carrollian correlators = scattering amplitudes in position space at .%:

n +oo dw;
€ = €n = _ Poiejwiu; ( = 1€1 - En)
<¢(k1lk1)(ulszlazl)‘“(b(kn‘kn)(uﬂ.'znrzn)) 111 (/0 o e )An {wlrzl$z].}J1 1----,{szmzn}Jn
=
Y = e
=Cy ({Ulazlazl}Jll ?"‘1{“!112!?52”}3:)

—> Amplitudes in position space at .# = Carrollian amplitudes. [Donnay-Fiorucci-Herfray-Ruzziconi '22] [Mason-Ruzziconi-Yelleshpur Srikant '23]

@ Extrapolate dictionary for Carrollian holography:

€ = = . 1— = 1— -
(cb(;l’ﬁl)(ulrzl:zl)---mffn‘;n)(umZmzn)>Boundary = r_';TQQ(” slqb(sl)(ul,rl.zl,zl)...r S”qb(sn)(un,rn,zn,zn)>8u!k
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Definition and dictionary

Carrollian amplitudes

Carrollian Ward identities

@ Consistent with the (global) conformal Carrollian Ward identities:
i u; - -
S [(Tn7) + (05, 9(=) + 0, 9(@)) 0y, + V(@0)0z; + P (23,
i=0
+ kiaz;y(zi) + E,-@z‘.)}(f;)} (cb(kl,;}l)(ul.- 21521 ) ¢’(kn-‘_<n)(u”’ Zp,2p)) =0

where
T(z,2) =1,z 2,2z, Y(z) =1, z, 22, Vi) =1,z,z2

== The low-point correlation functions are fixed by the conformal Carrollian symmetries.

== The higher-point functions provide non-trivial information on the dynamics.

@ In particular, for the 2-point function [Chen-Liu-Zheng, '21]:

o (2) _ R .
o oy Tk T, =2 5\ (7 Z2)5k1+k2.k1+k2 (Electric branch)
(Plhy kp) (U152, 21)® g oy (02, 2, 22)) =
) i) 2 Oty kr Ok, & (Magnetic branch)
(27 —z) A Hh2 (7 — 75 )12 71272 K12

= Electric branch relevant for massless scattering.

[Donnay-Fiorucci-Herfray-Ruzziconi '22] [Bagchi-Banerjee-Basu-Dutta '22] [Mason-Ruzziconi-Yelleshpur Srikant "23]

—> The 5(2)(21 — z7) distribution is a standard feature of Carrollian CFT (light cones shrink into lines), not undesirable.
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Carrolllan amplltudes

@ Celestial amplitudes obtained by Mellin transform [de Boer-Solodukhin '03] [Pasterski-Shao-Strominger '17] [Pasterski-Shao '17]:

- € e 2 To0 a;—1 - €
My ({Al,zl,zl}jll,...,{An,zn,zn}j:)_1_{([0 dw; w; ™ )An ({wl,zl,zl}jll,....{wn zn,zn}J )
=
= <O& A (21,21) . A s (zn, 2n))

@ Relation between Carrollian and celestial amplitudes [Donnay-Fiorucci-Herfray-Ruzziconi '22]:

n

. + o0 du; - a
Mn ({81, 21,2358, {Bn, 20,203 57) = T ((fe;)ﬂfr[Ad [ A) Cn ({121, 21} 55 {un, 20, 20} 51)
J—o0

=1 (uj — ieje)

@ Relation between Carrollian and celestial operators:
Momentum space

o A du; > An{wi, 2, 5i5)
\ z;, %) = (—ie; Ay o oAl Ziy Z; : -
Ai"‘lf( [ .l) ( [ ] ,'—!6 E)A' (kkai)( 1 <1 r) . \

Fourier transform / Mellin transform
— Exchange between time and conformal dimension. /
== Three scattering bases (w, u, A) [Donnay-Pasterski-Puhm '22]. N

¥ Y

— Extrapolate dictionary in celestial holography [Pasterski-Puhm-Trevisani '21]. [ Position space, & [ Mellin space

Cnl{ws, 2, %:15) Map({Ai, 21, %15

Romain Ruzziconi Carrollian Amplitudes and Their Role in Flat Space Holography

Pirsa: 24020045 Page 24/31



oll /¢
Examples

Carrollian

Carrollian amplitudes

@ Two-point amplitude (one incoming and one outgoing particle):

_ §(wy — w2)

i} _ 2 2

Ar({wi, 21, 21t {w2>22,22}j2) = T —— §@(z — 2) 84, 4y
1

@ Carrollian two-point amplitude obtained by Fourier transform [Liu-Long '22] [Donnay-Fiorucci-Herfray-Ruzziconi '22]:

c = 1— -1+ _ 1 +10e 400 —iwyuy fwoun = 1— =1+
2({U1721,21}_,r1,{“2»22122}J2)— 4—2 0 dwl ; dwze € Az({wl:zlrzl}_jlr{w2?221z2}_j2)
™

2
_Sho /*C"f dw  —iw(ug —u) 522, — 2)
4

0 w 6J1 J2

@ The divergent integral in the last line can be regularized. Instead, let us consider the correlator of 3,-descendants:

2
H’Jl . 1

> S _ . 2
CQ({U]_,Z]_,Z]_}JI,{u2,22,22}j—2) = lim 25( )(212) 6J1.J2

e—0t 4 (U12 — f&‘)

== Standard solution of the Carrollian Ward identities (electric branch) for operators with fixed conformal Carrollian dimension
A=k+ k=2

Apply the Carroll/celestial relation:

- 77— = 2 2 2
Mo({B1, 21, 21} ) {82, 22, 22}])) = 27 w5y 4, (D1 + Bg — 2) 63 (212) 64, 4.

[Pasterski-Shao-Strominger '17]
= Price to pay to go from 3d Carrollian CFT to 2d CFT: distributional low-point functions, not standard in CFT.
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Carrollian amplitudes

Three-point Carrollian amplitude

@ The three-point amplitude generically vanishes in Lorentzian signature = Go to split (2, 2) signature.

L - - - -
p:.u =e,-qr.* =e€w;(1+ zz,zi + z,z — z;,1 — zZ) .
Here (z;, Z;) are coordinates on a Poincaré patch of L7 5 and ¢; = 41 labels the Poincaré patches.
. . . e . _ I . s P T ~ (¥ . .
@ Using spinor-helicity notations, p, s = 0 . Pu = Ka kg and 4] = Ria R, at tree-level, the three-point amplitude reads as

As(1,2%2,35) = ""Jl,J‘z._l';-;[lz]JlJrjz_J3 (231273 311371 =26 (py 4 gy + p3) if A+ S+ S5 >0
A similar expression exists for 1 + J» + J3 +2 < 0.
@ Three-point Carrollian amplitude (still determined by Ward identities):
[Banerjee-Ghosh-Pandey-Saha '20] [Salzer '23] [Mason-Ruzziconi-Yelleshpur Srikant 23]

—ie1€2€3 6 (212) 6 (223)e ( Z13 ) S (212

—_76162 _76163
4(2m)3 73 73

s BT O AR R R
C3 =Ky, 4,1 )I-lel1 & [ g e |2 a

(i €1 sign (223)) 1T 2B Y20 (4 + b + K +2)
)E)J1+J2+J3+2

N+ —Ih+1

N+ —J3+1 ( 3)J2+J3—J1+1(

X (sign Z12) sign 2, sign Z13)

(Z23u1 — Zi3up + Z1pu3 + i€y sign(Z3
for J; + Jo + J3 +2 > 0 (similarly for J;1 + J» + J3 +2 > 0).

: - = Ay —J
@ Using Carroll/celestial correspondence (h, = %)
(_E)J1+J2+J3 e

M K 8 (z12) 6 (z )6( 2_1366)9(21266) -
3= g,y J3 0 (212 23 S =—cjc ey ) e
) 1-25-=3 73 _h1+h2—h3_h2+h3—h1 _h3+hl—h2
212 %3 £19

x (sign 212)"1772 793 (sign 253)721 93 771 (sign 23)/1 73792 ()21 (e2)22(€3)235 (A + Do + Az + h + o + J3 — 4).

[Pasterski-Shao-Strominger '17]
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Carrollian

Four-point Carrollian amplitude

@ At tree-level the 4-point gluon MHV amplitude is given by

4 3
S NVAE B g S (23) 2 waw3  Zy3
Ag (177,277,377,4 = F1,1,-1 = F1,1,-1 ’
T (12)(23)(34) (41) T wiwg 712234241
@ Applying the Fourier transform vyields the corresponding Carrollian amplitude (very similar computation for gravitons):
[Banerjee-Ghosh-Pandey-Saha '20] [Mason-Ruzziconi-Yelleshpur Srikant '23]

2 2 -4 22 5
. _ _ K _ Za T T z 1 —z|z3212
Ca (1+1,2 1:3 1,4+1) = bl 41 2 e 134 . e S5(z—2)0 | —=z a €1€4 | © 220 €2€4
(2m)* 23(1 = 2)z{32242]3 73, z12 z 223
1 Z14 2 3!
CHEE — | e3€q | %
1—2z|z3 294 2 1—z | 234 2 1 214 2\*
(o= el iz 27 - ek )
@ Using Carroll/celestial correspondence:
My =1]] [ duj (—ie)) iT(A; — 1) u; "7 ) Cy
i=1 ==
4 h h_h._h
o1 5 h_p_p B_f 5 A
=[T-ie®z73 - 23 [Tz 7 V22 7 (-2 %4 2ms (A1 + B2 + B3 + By — 4)
i=1 i<j
2 ] i— 2 1 2
E Z34 z | z34 Z)4
d3(z—2)O | —z|—| €14 | © — | e2eq | O — — | e3€q | .
Z17 z z23 11—z |23
[Pasterski-Shao-Strominger '17]
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n-point MHV Carrollian amplitude

@ Colour ordered MHV gluon amplitude (with n + 1 identified with 1):
. En—? <12>4 o I%n—Z Wi zf2
], =1 . — 1,1, —1

[ @+ 1) s TT7s Zj

An(l_,2_,3+,...,n+

(similar formula for gravitons)

@ Use the decomposition of the delta distribution [Schreiber-Volovich-Zlotnikov '17]:

n 1 4 1 n
WS pi | = ——TI6(w —w), with w=— wildy;
i=1 |?/{1234| =1 M1234 i—5
where
Uz34 = det (g1’ o Ui = Uzalj—is 1=1,2,3,4i=5
1234 € ql"q4 ’ fl 1234 f—}]! ? ? ] v‘f r"'sn'
@ Applying the Fourier transform [Mason-Ruzziconi-Yelleshpur Srikant '23]:
n—2 3 4
N ) + ®1,1,—-1 €12 9
C,,(l 2 ,3,...,n): . —
(2m)" [U1234] I—.[jzz Zjj+1 Ouy Ouy
where the integral /,, can be computed explicitly:
n el 4 s noq
I, = [ dw:e'“iti O(w’')=(-1)" —
n= [ I dw; 116 (i) =" 11 &
Jj=5 I=1 Jj=5 "J

u "
: - oy — 4 et/
with L; = (ejuj ZJ:l €Uy M1234)

@ Non-trivial dynamical constraints on the dual Carrollian CFT.
@ Similar expression for the MHV graviton amplitude (same integral /,).
@ Surprisingly simpler than its celestial counterparts involving Aomoto-Gelfand hypergeometric function. [Schreiber-Volovich-Zlotnikov '17]
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Collinear limit and Carrollian OPE

@ Collinear limit of two outgoing particles (¢; = €3 = +1):

A, (1J1,2J2,3J'3, o nJ”) LIICN S A (111,212, —P‘J) s (PJ,sJ'?’, . an)
7 {12)[21]
where J is the helicity of the exchanged particle.
@ In the limit z1p — 0, we obtain the Carrollian OPE block [Mason-Ruzziconi-Yelleshpur Srikant '23]:
¢y (ur,21,2) Py, (12, 22, )

-p . p:

Ky do, —J 2 1 gy gy 9 \P

1:92, 12 Jp—J—1 o T » o

[ / dttg (1_ t) 1 (_) Q)J(U!zQ!zz+t212)|UZU2+tU12‘
2 z12 J0 du

with implicit sum on p with range determined by

p =0, |+ —p—1<2 and [J] <2, || < 2.
@ Invariance under global €Carry explicitly checked == Starting point for Carrollian CFT bootstrap?
@ Action of soft symmetries (Lwj o for gravity) on Carrollian operators and .#.
@ Relation between Carrollian operators and twistor space (Lwj. o, has a geometric interpretation).
@ Using the Carroll/celestial correspondence, we recover the celestial OPE block
= = , , (1 op +p—1 2hy+p—1
Opy,4 (21, 21) Opy, 1 (22, 22) ~ TR I ./0 dt t1 (=) Opy+8p+p—1,J-

[Fan-Fotopoulos-Taylor '19] [Pate-Raclariu-Strominger-Yuan '19]
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Conclusion

Summary and perspectives

@ Two complementary approaches to flat space holography:

Carrollian holography | <= | Celestial holography

@ The two approaches are related via integral transform v

@ Carrollian holography is a useful path:
— Naturally related to AdS/CFT viaA — 0 v
— Successful in 3d gravity, and beyond v
— Standard extrapolate dictionary v
— Carrollian physics has applications beyond flat space holography v

@ Perspectives:
— Bootstrap of Carrollian amplitudes?
—> Top-down models for Carrollian holography? via ¢ — 0 limit or relation with twistor theory?
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Conclusion

Thank you!
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