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Carrollian holography Celestial and Carrollian
Carrollian limi

Carrollian holograph:

How to formulate flat space holography?

@ Correspondence between gravity in asymptotically flat spacetimes and a lower-dimensional field theory without gravity.

Bottom-up approaches to build candidates for holographic duals.

@ Two proposals for flat space holography in 4d:

== Celestial holography: the dual theory is a 2d CFT living on the celestial sphere s2.

[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 s2.

[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] ...
@ Take-away messages from this talk:

== The two proposals are related [Donnay-Fiorucci-Herfray-Ruzziconi '22] [Bagchi-Banerjee-Basu-Dutta '22].

= Define Carrollian amplitudes to encode the bulk S-matrix at .# [Mason-Ruzziconi-Yelleshpur Srikant '23].

—> Carrollian amplitudes from the flat limit of holographic correlators in AdS [Alday-Nocchi-Ruzziconi-Yelleshpur Srikant '24].
@ Ultimate goal: Flat limit of AdS/CFT.

Romain Ruzziconi Carrollian Amplitudes from Holographic Correlators



Carrollian holography Celestial and Carrollian
Carrollian limit

Carrollian holograph:

Carrollian geom

“Carroll” refers to the limit ¢ — 0 where c is the speed of light [Lévy-Leblond '65] (opposite to the usual Galilean limit ¢ — o).

In6nii-Wigner contraction: Poincaréy =0, Carry and SO(d, 2) =0, (Global) €Carry.

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

ds? = nopdx’dx® = —2dt? + S dd <20 ds? = 5
Inverse metric degenerates to temporal bi-vector:

1 0
752nab = (0 —c2c$’j) 20 b withn? = 57

@ Carrollian geometry: degenerate metric g, and vector field n? such that qabnb = 0. [Henneaux '79] [Duval-Gibbons-Horvathy-Zhang '14]

@ Why is it relevant at null infinity?

= .# being a null hypersurface, the induced metric is degenerate!
== Conformal Carrollian structure at .# induced by conformal compactification [Penrose '63] [Geroch '77] [Ashtekar '14]
Gab ~ @ dap, 17~ w
=—> BMS symmetries = Asymptotic symmetries in flat space [Bondi-van der Burg-Metzner '62] [Sachs '62]
= Conformal symmetries of the Carrollian structure at & (€Carty).

quab =2aq,p , Es-na = —an’

Isomorphism: | bmsy; =~ €Carty. |[Duval-Gibbons-Horvathy '14] and Poincaréy 1 ~ Global €Carty.
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Carrollian holography Celestial and Carrollian
arrollian limi

Carrollian holography

Carrollian holography

Gravity in (d-+1)-dimensional d-dimensional conformal
asymptotically flat spacetime Carrollian field theory at .7

@ 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 limit of standard Lorentzian CFTs, see e.g.
[Schild '77] [Isberg-Lindstrom-Sundborg-Theodoridis '04] [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 (¢ — o).
= 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] [Compére-Fiorucci-Ruzziconi '19]
[Campoleoni-Delfante-Pekar-Petropoulos-Rivera Betancour '23]

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

ard identities

Carrollian amplitudes

Descendants

Examples

Bondi coordinates

@ Flat Bondi coordinates {u, r,z,z} (u,r € R, z € C):
1
no_ ST TP Hooosy — _ s i =N 1 s
X" =ud,0:q9" (2, 2)+r q" (2, 2), q"(z,z) = —\/5 (1+zz,z+z, i(z—2),1 zz).

@ Minkowski metric:
ds? = —2dudr + 2r* dzd>.
@ Induced Carrollian structure at future/past null infinity st = {r - £oo}:
ds?; = qupdx®dx® = 0du® + 2dzdz, 0?8, = 9,
with x? = (u, z, Z) the boundary coordinates. [Penrose '63] [Geroch '77] [Ashtekar '14]

@ BMS/conformal Carroll symmetries: [Bondi-van der Burg-Metzner '62] [Sachs '62]
—. u g - =
£79, = [’7’ + E(ay +9Y)| 0u + Y0+ VO

with defining property: Léqab = 2aq,p , Léna =—an’,a= %(8)/ + 5)7)

@ 7 = T(z, 2) is the supertranslation parameter;
@ Y = Y(z), Y = Y(Z) are the superrotation parameters satisfying the conformal i
Killing equation. [Barnich-Troessaert '10]
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Definition and dictionary

. : d identities
Carrollian amplitudes D et | o
escendants

Examples

Carrollian primaries

@ Conformal Carrollian primary field ®(k ;)(u, z, Z) [Donnay-Fiorucci-Herfray-Ruzziconi '22] [Nguyen-West '23]:

5Py = KT + g(ay + 53‘7)) Ou+ YO+ VI + koY +k 53‘/] 4k (k k) Carrollian weights.

(analogue of primary field in CFT)
@ Carrollian correlators living at .#: (d)(kl ;l)(ul, 2y, 21)¢(k2 ;2)(u2, 23,22) .. .).
@ Relation with the bulk?
= Strategy: start form a spin-s (s = 0, 1,2, ...) massless field in flat space, 4)52___“5 (X), and push it to .Z.

@ Carrollian operators = boundary value of bulk operators:

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

otz = tim (A8 () ast, et wznn = tim (A6 (2 2) s

= This implies k = ed | &k = 15¢/

5 = with € = +1 for outgoing/incoming and J the helicity.
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Definition and dictionary

. " d identities
Carrollian amplitudes D N )
escendan

Examples

Carrollian holography identification

@ n-point massless scattering amplitude:

Ap ({plu}jll,{pff j,’:) where  p*(w, w, W) = € (1+Wv‘v,w+l7v,7i(W7vT/),1fva/).

Sle

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

+oo dw, ieiwius 5 1€ Z
(/ e:e,w,u,) A, ({whzhzl}hl NAA,{wn,ZnyZn}j:)

27

n

:]

e -
<®(k11‘;1)(“1a z1,271). .. ‘b(i?m;n)(um 2p, Zn))

1€ -
n ({Ulvzlazl}J; 7~~>7{Umznvzn}j:) .

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

@ Extrapolate dictionary for Carrollian holography:

- - . 1— s, 1— =
(O 7z 2) O o (un,za, 2)) = lim (6 2 7)) 20, 20))
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Definition and dict
Ward identities
Descendants

Examples

Carrollian amplitudes

Carrollian Ward identities

@ Consistent with the (global) conformal Carrollian Ward identities:

S [(Tn2) + 5 (0,90 + 05,90 00, + V()0 + P (20,
i=0

+ kidz; V(i) + E/‘DE,-S)(Z)} (D k) (U152 21) -+ D £ (Un, 20, Zn)) =0

where _
T(z,2)=1,2,7,22, V() =122, (=127

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

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

- T | ) Y- - i

(ul*uz)k1+k2+k1+k2—26 (z1 22)6k1+k2,k1+k2 (Electric branch)

(Phy k) (U1 21, 21) O 1y (U2, 22, 22)) =
(k1,k1) (ko k2) 8

(z1—z)k1tk2 (7 —z )k tke

ki ko Oky (Magnetic branch)

== Electric branch relevant for massless scattering.

[Donnay-Fiorucci-Herfray-Ruzziconi '22] [Bagchi-Banerjee-Basu-Dutta '22] [Mason-Ruzziconi-Yelleshpur Srikant '23]
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Definition and dicti
ard identities

Descendants

Examples

Carrollian amplitudes

Modified Mellin transform

o If Q(k,l?)(”’ z, Z) is a Carrollian primary, then 85’7¢(k1;)(u, z,Z) is also a Carrollian primary with shifted weights (k + 2, k + -

@ Correlators of primary-descendants:

= € = - ~ - € -
epr ™ (o2, 21} 5E - s 20, 20570 = O - 000 ({uns 21, 2} 5E - {uns 20 20} )
n +oo dw; e
=11 / — (iew;)Mi e Ci¥it ) A, ({w1721731}51 - 7{anszn}jn)
i=1 \/0 2m ! "

— (&M ¢p€1 s §Mn pen s
= (9 ‘D(kly,;l)(uhzl,zl) O ‘1’(1(”7;”)(“",2"«,2"))

= Related to the Modified Mellin transform used to regularize Mellin transform of graviton amplitudes.
[Banerjee 18] [Banerjee-Ghosh-Pandey-Saha '20]

@ Redundant to encode the S-matrix, but can be useful to get rid of IR divergences.
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Definition and dicti

. : ard identities
Carrollian amplitudes D |
escendants

Examples

Two-point Carrollian amplitude

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

&(wy

- - 2)
Ar({wr, 21,21} 5 {wa, 22722}72) = Hi,b T 5(2)(212)511,&,

where w1y = wy — wp and z1p = 71 — 2.
@ Two-point Carrollian amplitude [Liu-Long '22] [Donnay-Fiorucci-Herfray-Ruzziconi '22]:
my,mp 51T 1Ty = (9M ¢l _ 7)™ pn 7
C, (s 2,21}, {w2, 22, 2}5,) = (9 ¢(k1,k1)(”1'21’21)8u2 ¢(kn,kn)(Un72n,Zn)>
2
— im o (CD)TIT (A m) ()
e—o0t 4w (ugp + ig)mMtm2

(z12) 641,1p

= Standard solution of the Carrollian Ward identities (electric branch) for operators with fixed Carrollian weights k + k=14+m v
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Definition and dicti

ard identities

Carrollian amplitudes

Descendants

Examples

Four-point contact diagram

@ Useful example for later: four-point contact diagram A4 . = n4(5(4)(p1 + p2 + p3 + pa) for a massless scalar field.

@ Use the following parametrization for the momentum conserving §-function:

2
€1€4wW4

1—z|z34|? 1
X & | wy — ereqwy | 8 | w3 + 1
—Z

1

4

5 (py + 2+ p3 + pa) = ————0|wi+z
4wy |24 213]

2

2
e3e4w4) §(z—2)

Z13

Carrollian amplitude:

ey = (:%y, (—1)™FMs x X ©(—ze1e4) O ((1 — 2) z2¢4) © ((z — )eses)
12141273 | 24| 2™ =2 | 234 |*™2 ZMTM2 (1= z)m2 =M T (Z;‘:l "’i)
|z12|2™ | 2132372 |23 |22 ) 24 ’
( 4 — 1z a|
where
_ momm
B 213224Y
™M Ruzziconi-Yelleshpur Srikant '23] [Alday-Nocchi-Ruzziconi-Yelleshpur Srikant '24]

= One remaining § (z — Z) involving the celestial cross-ratios.

@ Similar results for the four-point exchange diagrams, as well as n-point gluon and graviton MHV amplitudes.
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Bondi coordinates in AdS
Flat limit in the bul
Carrollian limit at the boundar

Flat/Carrollian limit of AdS/CFT

The flat limit of AdS

@ Holographic correlators are CFT correlators computed via AdS Witten diagrams.
== Carrollian amplitudes are natural objects obtained in the flat limit £ — oco.
(Related works: [Pipolo de Gioia-Raclariu '22] [Bagchi-Dhivakar-Dutta '23])

2
@ Bondi coordinates X = (u, r, z, Z) also exist in AdS: dsids = —g—zdu2 — 2dudr + 2r%dzdz

@ Relation to Poincaré coordinates X = (p, xo, xl, xz):

2 Inds
ds2 s = = (d,ﬁ — (%) + (') + (de)z) .

4 0 4 . u 1 w+ w 2 w—w
= -, x = —- — X = X = —
: r r e’ V2 7 Vai —> Poincaré patch
@ Flat limit in t2he bulk:
dshgs = — Ty du® — 2dudr + 2r°dzdZ  =>  dsf,, = —2dudr + 2r’dzdz

Q Cazrrollian limit at the boundary: ) )
— 1 5 — 5
dszdS. =— Z—zdfl +2dzdz — dsly = 0du” + 2fizdz . . .
—> This observation extends to asymptotically AdS solutions of Einstein equations.
[Barnich-Gomberoff-Gonzalez '12] [Poole-Skenderis-Taylor '18] [Compere-Fiorucci-Ruzziconi '19]

1 c
Flat limit in the bulk (¢ — oo) ‘ — ’ Carrollian limit at the boundary (¢ — 0)

@ Does this correspondence work at the level of the amplitudes?
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Bondi ¢ nates in
Flat limit in the bulk
c lian limit at the boundar

Flat/Carrollian limit of AdS/CFT

Flat limit of bulk propagators in Bondi coordinates

@ Bulk-to-bulk propagator Qggs‘A(Xl, X3 ) for a massive scalar field in AdS, solves
1 2 r 2 AB—A
(Ox, + M) G2 (X1, Xo) = ——=8® (x2), DO = [—6165 + (40, +rdt)—Z0, — 29@,}, w2 AG—2)
V=g 2 02 ’ 2
N g —
—0if £— o0 —0if £— o0
@ Feynmann propagator gg’;t'A(Xl, Xp) of a massless scalar field in flat space solves
1 2 2
Flat _ (4) — | = I —
O 958 (0. %) = =0 (X2). D= [ 50205 — ~0u — 2040/
== The Bondi gauge naturally implements the flat limit: ggﬁ‘ = lim gégS’A (A disappears)
£— o0

AdS, A

A
@ Bulk-to-boundary propagator in AdSy: ng# (x1: X2) = Llimy 400 (%) gggs’A(Xl, X2), x1 = (u1, 21, 21)

@ Bulk-to-boundary propagator in flat space: ngt+ (x1: X2) = limpy 400 11 Qggt’A(Xl, X2) = <¢°(F1:+11)(x)¢:(X)>
2°2

- | AFlat,m _ om Flat . _ -1 AdS,A _ _
== Flat limit of bulk-to-boundary propagator: ng,+ = Bul Gpp,+ (x1: X2) = (D) 1/.I—I>moo QBb,Jr (m=A-1=0,1,2,...)
[Alday-Nocchi-Ruzziconi-Yelleshpur Srikant '24]

@ Outgoing (e = +1) / incoming (e = —1) bulk-to-boundary propagator obtained by taking r; — +oco0 / rp — —oo.
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Flat limit in the bulk

Flat/Carrollian limit of AdS/CFT

[Alday-Nocchi-Ruzziconi-Yelleshpur Srikant '24]
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Bondi ¢ inates in
Flat limit in the bulk
Flat/Carrollian limit of AdS/CFT Carrollian [imit at the boundar

From AdS Witten to flat space Feynman diagrams

@ Summary:

AdS,A n — 4oo AdS, A,
Ggp T (X1, Xp) |—————>————| gy i1 (1: X2) Fras

£ — oo £ — oo to foo
Ty
Flat,A—1,_ .
IR (X1, %) || Tmp1 (1 X2)

r — 400, 9,7 )

@ Example with the four-point contact diagram (scalars):
Boundary: Bulk:
€ € " 4 AdS,A AdS,A AdS,A AdS, A
(O ()0 () O (3) O (xa)) :/Ads d*X G (0, X) G ro 2 (2 X) Gy ry > (53, X) Gy r (x4, X)
Je—o 2 [e—oo v

4 Flat,m Flat ,m: Flat,m: Flat,m,
(B1O%L (x1) 97202 (x2) OB ®3 (x3) DA %4 (x4)) = ./F/at d*XGy [ (31, X) Gy 0% (2, X) Gy, 02 (x5, X) Gy ) (4, X)
where m; = A; — 1 (analogue for exchange diagrams).
== We recover the Feynman rules for Carrollian amplitudes in the £ — oo limit!

== Can we reproduce this result by an intrinsic Carrollian limit in the boundary CFT?

Romain Ruzziconi
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Bondi coordinates in

Flat limit in the bul

Carrollian limit at the boundary
Conclusion

Flat/Carrollian limit of AdS/CFT

Carrollian limit of holographic correlators

@ Lorentzian CFT two-point function can be either obtained:
= by analytic continuation from Euclidean signature.
== directly from the bulk-to-boundary propagator:
1

A
— . n AdS,A e
O )0 (x)) = £ lim (7) GASS B (1, Xo) = Co(A .
(OA (x1)O0, " (x2)) p 2 Bb, 11 (X15 X2) = Co( )(_ (12 or2 1 2z E — 9B

@ Formal correspondence between the limits: choundary < ﬁ
u

@ Behaviour of the CFT 2-point function in Lorentzian signature in the Carrollian limit:

& (a & (A & (a 5@
(T {Oa (x1) On (2)}) = B 00 2O e ) =
(762u%2+2|112|2+,'5) 28|z, 2(A—-1) (7u%2+i5)
Magnetic Electric

@ A =1,2,3,... = Electric branch is leading in the limit ¢ — 0 and is found on the support of the §-function (z;o = 0 = Zz15).
@ From CFT primary to Carrollian CFT primary: o (A) BUA*ltD (x) = Op (x), a(A) ~ c'=2 [Alday-Nocchi-Ruzziconi-Yelleshpur Srikant '24]

. {T{Oa (x1) Oa (x2)}) _ _ 1A
CTOT:@AI 1¢(x1)af2 o)y =cabA71 v
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Bondi coordinates in
Flat limit in the bul
Carrollian limit at the boundary

Flat/Carrollian limit of AdS/CFT

Lorentzian four-point function

@ Holographic four-point contact diagram (in Euclidean signature):

4
AdS,A;
(On, (1) O, (2) Osy (35) Oy (e = a [ a*x T] 645> i, )
Jads, e

(X124) irp—n-24 <X§4) irp-—n3-1,4
= kN T Day,np,85,084 (U, V),
(2 )QZA*AA (2 )A2
Xi3 X24
where 3
T2 _(Tp -3\ 4 &(8) 4 X254 X33x44
N“:TF(T>HW’ Ta=D A, U= V=t
i=1 ! i=1 13724 13724

(see e.g. [Bissi-Sinha-Zhou 22'])
@ Example:

_ 1 = = 1-Z = -
Di111(U, V)= —/—— [2Li2(Z)—2Li2(Z)+IogZZIog (7,” , u=27, V=(1-2)(1-2).
B zZ—-Z 1-Z
@ Analytic continuation from Euclidean to Lorentzian signature: different possibilities [Gary-Giddings-Penedones '09]

- = = 2 ; —7
@ Some analytic continuations lead to singularitiesin Z — Z, e.g. D111 — D1,1,1,1 + %iz + 7221”2 log %

= | Bulk-point singularity | [Maldacena-Simmons-Duffin-Zhiboedov '17]

@ Leading singularity:

; f, (2)
_ Z—7Z s _ A Dp030y &ls
Dayng.n3.80 = PRiny0504 = Z_27a3’ <6~g-,¢1m =

42
272)‘
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Bondi coordinates in

Flat limit in the bul

Carrollian limit at the boundary
Conclusion

Flat/Carrollian limit of AdS/CFT

Carrollian limit of the four-point function

@ In Bondi coordinates:
(z-2)?2= ((1+U— v>274u) =20 (2 - 32 + O(?) .
[Alday-Nocchi-Ruzziconi-Yelleshpur Srikant '24]

@ On the support z = Z, we have (Z - 2)2 ~ ¢ = The Carrollian limit on the support z = Z isolates the bulk-point singularity.

L Ta—4gls 2
lim c=A7 " =Ré(z—
Jimg A1DpA30, (z—-12),

4—x
2252 —A 2=B1-8y (1 _ 5)Ar+8, -2
rek 23417 |22412 24 |2 1—z |23 |2 1 jzma 2 \TATHT
(”4*2 R E W “)

@ The choice of analytic continuation fixes the © functions (non-trivial Carrollian electric branch on the support of ©)

{TH{O1 () 01 ()01 (x3) O1 (&)}, a1 Ap—1 Ag—1 Ag—1 c
M aanaGaa@aaag a0 el el ot e ()
_ CA‘A,}:—I,AQ—LA3—1,A4—1 ,

@ Remark: The Carrollian limit of four-point exchange diagrams can be achieved following similar steps as above.
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Bondi coordinates in
Flat limit in the bul
Carrollian limit at the boundar

Flat/Carrollian limit of AdS/CFT .
Conclusion

Summary and perspectives

@ Carrollian holography is a useful path:
== S-matrix can be encoded in terms of Carrollian CFT correlators v*
= Naturally related to AdS/CFT via the flat limit / Carrollian limit v'
== This correspondence relates holographic correlators to Carrollian amplitudes. v

@ Perspectives:
== Flat/Carrollian limit of AdS/CFT: how far can we go?
== Top-down models for Carrollian holography?

AdS/CFT correspondence Carrollian holography
£ — oo
Gravity in asymptotically AdS \ ( Gravity in asymptotically flat
spacetime in d + 1 dimensions J L spacetime in d + 1 dimensions
N
y

[ CFT in d dimensions } {Carrollian CFTind dimensions]
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Bondi coordinates in
Flat limit in the bul
Carrollian limit at the boundar

Conclusion

Flat/Carrollian limit of AdS/CFT

Thank you!
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Carrollian algebra

“Carroll" refers to the limit ¢ — 0 where c is the speed of light [Lévy-Leblond '65].
= Opposite to the usual Galilean limit (¢ — oo).
Carrollian limit of the Poincaré algebra:

== Translations H = O¢, P; = 0; and rotations Jj;; = x;0; — x;0; are unchanged.

=> Boosts are affected: B; = c2t8; — Xx;jO¢ ﬂ) Bi = —x;0O¢.

Carrollian boosts shift time but do not affect space: t ¢ t
t =t—bX, 2 =z

= Space becomes absolute (see diagram). B B B

= Opposite to the usual Galilean limit (¢ — oco) where time becomes absolute: ) ) )
t =t g =x—vt S

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

[Bi, HI =0, [Bi,B]=0, [B;,Pl=0;H, [Bk,Jjl=70k;iBy, [Pk, Jjl =Py o

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

= Add the dilatation: D = (t0; + Xfa,‘), and the Carrollian special conformal generators: K = X289, and
K = xza,' — 2X,'></8j — 2x;t0¢.
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Relation between Carrollian CFT and celestial CFT

L

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

n +oo
- 1€ — Aj—1 - q€ - €
Mo ({802,235 oo A8 7)) =TT ([ dwro ™) g (fon 2, 85 oo o 7))
L

=1
= <OA Jl(zl7zl) OZ’L'J"(ZUVEN))

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

n
du:
Mo ({82, 2350, {Bn 2 2} 57) = T ] <<—'e,> 'r[A1/ P > Co ({21, 2350 s {20, 20} 1)
Relation between Carrollian and celestial operators:
( Mome nt\nu space
€ . A; Ui - An(
Op,,5;Gir 2i) = (—ie))7iT[A] (k k(i zis 2)

(uj — ieje)Pi

Fourier transform

Exchange between time and conformal dimension.
Three scattering bases (w, u, A) [Donnay-Pasterski-Puhm '22] [Freidel-Pranzetti-Raclariu '22].

Extrapolate dictionary in celestial holography [Pasterski-Puhm-Trevisani '21].
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Mellin transform

Mo ({Ai, 2, .t)




Modified Mellin transform

o If ®(k7,;)(u, z, Z) is a Carrollian primary, then 8u¢(k1;)(u, z,Z) is also a Carrollian primary with shifted weights (k + %, k+ %)

@ Remark: the leading order of the Peeling is 6,‘,”4). For gravity, ‘Ug = 63sz == Transforms as primary under the full €€arry algebra.
[Mason-Ruzziconi-Yelleshpur Srikant '23]

@ Descendants:

= € = - - - € - 3
e (fur, 2, 2} 5 a2 20} 57 ) = O 0 C (Lo, 20, 2035 L 20, 20357 )
n +oo dw; L ieiwiur €
-11(/ (e 1% ) Ay ({or, 21,85 - Lon e 7)1
i—1 \Jo 27 1 n

7(0 (kl kl)(uhzhfl) NCHY ([ % (Umzn Zn))

@ In particular, éh = C}"'l
@ Redundant to encode the S-matrix, but can be useful to get rid of IR divergences (see example of the 2-point function).
@ Remark: analytic continuation m; = §; — 1 (§; € C) gives

n +o0 dw; i
N —1 iejw; 5 z,
I / [ iew;)®imteleiwivi ) 4, ({ul,zl,zl}jl ,A..,{w,,,z,.,z,.}j”) ;
1 0 27 1 "

i=

= Modified Mellin transform used to regularize Mellin transform of graviton amplitudes. [Banerjee '18] [Banerjee-Ghosh-Pandey-Saha '20]
== Clarifies the link with the alternative approach to Carrollian amplitudes. [Bagchi-Banerjee-Basu-Dutta '22]
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Massless scattering in flat space

@ 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:

P (x) = 16 L Z /wdwdQ [89) (o, w, )ef ™ (w, ) 9" Xt 4 6D o, w, )T e (w, ) e =7 X ]
s

with | = (p1p2 - . . ps) and

pH(w, w, w) = wqgt(w,w), ¢"(w,w)= 2 (1 +ww,w+w, —i(w —w),1— va/).
V2 '

1
er @ = (@@ eE (@), (@ = Owau = 5 (WL =i —W), e (@ =[5

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

_ iK oo . .

B Lz = tim (P00 (o z2) = -1 /O dw [l (w, 2, 2)e 7 — D, z, T ] ae
- : iK| . . . .
¢(zs.)uz(u,z,2)'" = rJiToo (r175<b£5.)”z(uyr,z,2)) = _18% A w [af)m(w,z,f)ef'wu — a(j) ™w, z, Z)Te“””} at I

= Insertion operators for a massless scattering between .# ~ (in) and .#* (out).
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Collinear limit and Carrollian OPE

@ Collinear limit of two outgoing particles (e; = ep = +1):

JH ody o) Jn\ 112 . —J 1 J o J
An (171,272 353 pdn) 225 N7 a5 (1,22, —p A, (P33, 0
"( ) EJ: 3( )(12>[21] n 1( )
where J is the helicity of the exchanged particle.

@ In the limit z5 — 0, we obtain the Carrollian OPE block [Mason-Ruzziconi-Yelleshpur Srikant '23]:
by (v, 21, 21) @y, (12, 2, 22)

=P
Koy —d 7 L h—J-1 n—J—1 [ O\P _ -
~ oLt T2 / dtt2 (1—1t)t — ) (U, 22, % + t212) lu=uy +tugs
0

27 z1p du
Kby = Fmyn 9 \Nm /9 \Ptn
AT S g, g,y - T2 (7) (7) ) (1, 22, )
2rzip mln! o7y Ouy
with implicit sum on p = J; + Jo — J — 1 with range determined by
p>0, [+ —p—1<2 and |h]| <2, |h| < 2.

@ Invariance under global €Carr3 explicitly checked v/
@ Using the Carroll/celestial correspondence, we recover the celestial OPE block

) (1 ohip—1 2hy+p—1
—=£ dt " (1 —¢t)"™

Ony,h (21,21) Opy gy (22, 22) ~ BT e 8
12

Ony+8y+p—1,J-

[Fan-Fotopoulos-Taylor '19] [Pate-Raclariu-Strominger-Yuan '19]
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Three-point Carrollian amplitude

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

L " - - - -
Pl =€l = ejwi (1 + 2%,z + %,z — 2,1 — %) .
Here (z;, Z;) are coordinates on a Poincaré patch of L7 5 and €; = £1 labels the Poincaré patches.

@ Using spinor-helicity notations, p, g = ”50’4’7# = kaRg and [ij] = Rjg ch"‘ at tree-level, the three-point amplitude reads as

As(u, 22 353y = oy, 2PV a3 2t B A a3t 26 ) (o) 4y 4 ps) L if L+ 4 ds > 0
A similar expression exists for J; + 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]

—ie1ez€3 8 (212) 6 (223) ( 213 ) o (21—26153) 21212 |25 125 |25 31
223

C3=ry 1y ]
123 4(2m)3 23

(i 1 sign (223)) 1728721 (U + f + 13+ 2)

Yot
(Z23u1 — Z13up + Z12u3 + ieq sign(Zp3)e) 1 T2t 342

Y+l —Jpt

sign Z13

Nty — I3+l
)LTR2TRT (sign Zo3

X (sign Zjo

for J; + Jo + J3 +2 > 0 (similarly for J; + J» + J3 +2 > 0).

@ Using Carroll/celestial correspondence (Ek = #);
(—iy1t2td

Mz = ——F——"—kKy p J35(212)6(223)9(721—36162)9(21—26163> — _1 —
2 72 %3 S _hy+hy—h3 _hy+hy—hy _h3+hy —hy
412 223 “12

X (sign 212) 177275 (sign 223)"2 T3 71 (sign 213) 173 T2 (€1)21 (e2)R2 (€3)235 (Ay + Do + Az + Uy + o+ Js — 4).

[Pasterski-Shao-Strominger '17]
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Four-point Carrollian amplitude

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

+1 5—1 5—1 441\ _ 2 R, A —
A (12737 )**”“1~1v*1<12><23><34><41>

(23)* 2 wiws 7
= k11— I

1 )
W1Wwy4 712234241

@ Applying the Fourier transform yields the corresponding Carrollian amplitude (very similar computation for gravitons):

[Banerjee-Ghosh-Pandey-Saha '20] [Mason-Ruzziconi-Yelleshpur Srikant '23]

2 2 24 22 2 2
~ _ _ K11, — 25,714 Z _ 208 1—z|zn
é (1+172 13 174+1) _ M, 41 . 34 134 3475 _s(z-9e 72’7 e )o (1222 e
(2m)* (1 — 2)z{320427325, 212 z 233
1 214 |2 3!
(S] (* n — | €e3€eq | X 7
—zlz3 _ 24 |2 1-z |z |2 _ 1 |24 |2
(“4 ulz‘lu T T—z |73

@ Using Carroll/celestial correspondence:

4 +o0 .
M =T] </ du; (—ie)2iT(A; — 1) u}‘A'> .

234

212

223

2 1—z 2
5154> €] (7 5254> €] (—
z
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5(2—2)@(—1

[Pasterski-Shao-Strominger '17]

Romain Ruzziconi

T(—1)P2tBat 05 (A + Dy + A3 + Dy — 4)

1

1—-=z

214

213

2
€3€q | .



n-point MHV Carrollian amplitude

@ Colour ordered MHV gluon amplitude (with n + 1 identified with 1):

4 3
A, (17 o= 3t n+) _ 2 (12) -2 _wiws 27y
2 4 LA - Mi,1,-1 1171
I, G+ 1) s wi T,z
(similar formula for gravitons)

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

n 4
s® Zp,- ziné(w,—w,*), with w] = — Ewlx{,,
Pt [Ur234] 13 Uiza =
where
Uiozs = det (af', ..., q8'), U =Uizali—i, 1=1,2,3,4i=5,...,n.
@ Applying the Fourier transform [Mason-Ruzziconi-Yelleshpur Srikant '23]:
n—2 3 4
~ K _ z 1%}
c,,(1*,2*,3*,u.,n+)— L1, —1 12 In
(2m)" |thozs| TT]-, 2j+1 Ouf Ou3
where the integral /, can be computed explicitly:
. n . PRLEE
[/ :/ dwie i T (w]) = (-1)"~ —
n U j U (wi) =(=1) U T
j=5 I=1 j=5 5

Uy
with L; = (gjuj — > 4 equy
J ( Y J=1 Y T3,

@ 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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Celestial symmetries and twistor space

@ Action of Lwj o at #? = Can be deduced from Carrollian OPEs.

@ Definite the (outgoing) soft operators [Guevara-Himwich-Pate-Strominger '21]

el
HS = lim (A — K)F(A — 1)(7,')A/ dut 20,0, (u,2,2), k=1,0,—1,-2,...
A—k — oo

@ Action of Lwj o, on gravitons [Mason-Ruzziconi-Yelleshpur Srikant '23]:
1—k -m+1 B 1—k—m
5 (—iu)

k - N K22, —2 2 oN2=m _m _
Hy (z1,21) Ou, P2 (12, 20, 2p) ~ — ——— E —=— (—Id ) 05 ®3 (up, 22, 2) .

> 2 21) Ouy 22, 2) 5 Ao ml (- k—m) u2 2 122, 72)
= Local for k > —1 corresponding to universal soft theorems.

@ The action of Lwj oo on twistor space is local and has a geometric interpretation (Poisson diffeomorphisms). [Adamo-Mason-Sharma '21]
[Bu-Heuveline-Skinner '22] [Mason '22]

@ Natural to relate Carrollian CFT at .# and twistor space:
oy 2 %) = o) [ (o~ [uiDra. 1)

where we introduced homogeneous coordinates (u, A, 5\(1) = (Ao S\OUBA, A0Za s ;\02(-,().

= Upcoming work: what is the structure preserved by Lwy, ~, at &7
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