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SYMMETRY: A FUNDAMENTAL TOOL

POINCARE GROUP: ISOMETRY OF MINKOWSKI
o designs the relativistic dynamics
o organizes the particle spectrum: mass and spin
o shapes the scattering amplitudes

o constrains the theory of fundamental interactions




LIMITS AND EXTENSIONS OF POINCARE

CLASSICAL NON-RELATIVISTIC LIMIT: V/c — 0
o Poincaré group — Galilean group

o Minkowski spacetime — t € R & x € E;

EXOTIC ULTRA-LOCAL LIMIT Y/c — 00
o Poincaré group — Carroll group

o Minkowski spacetime — Carrollian manifold

UNEXPECTED EXTENSION

the asymptotic symmetry group of 4-dim asymptotically flat
spacetimes is infinite-dimensional: BMS,




QIJESTIONS, CHALLENGES AND AIM OF THE TALK

o Physical/geometric occurrences of Carroll
o Relationship Carroll-BMS
o Application to flat-space holography
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ULTRA-LOCAL LIMIT

c—0
t t v=c=0

>§’/‘ '

c—0

BY LAW: MOTION IS FORBIDDEN

...unless you allow for tachyons or kindred excitations...




CARROLLIAN SPACETIME . ...

THROUGH THE LOOKING GLASS [1.rwis Canoi 1871]

“Well, in our country,” said Alice, still panting a little, “you’d generally get
to somewhere else if you run very fast for a long time, as we’ve been
doing.”

“A slow sort of country!” said the Queen. “Now, here, you see, it takes

all the running you can do, to keep in the same place. If you want to get

somewhere else, you must run at least twice as fast as that!”




CAMBRIDGE_MARSEILLE_TOURS [ORIGINAL REVIVAL WORKS]

GEOMETRICALLY: SPACETIME WITH DEGENERATE METRIC

0 0 0 O
1 0 0
2 _ 2 2
o ds* =0 xdt- +dx* 1, — 00 10
0 0 0 1

o time-like kernel n* — zero-norm vector

S O O =




INVARIANCE OF THE CARROLLIAN GEOMETRY: ISOMETRY GROUP

o 4translationst — t+ 1t x' — x' + x|
o 6 point transformations
o 3rotations x' — R'x/
o 3 boosts with v/ = B+ O (¢*) = 0
|B| < 1/c — +00 is “all the running you can do”
t' = t—B-x
X = X|
x| =x1
— relative time & absolute Euclidean space

Carrollian is “dual” to Galilean

ForMALLY INONU-WIGNER CONTRACTION
Carroll group = translations xrotations & Carroll boosts




IMPORTANT REMARKS

No MOTION BUT CARROLLIAN DYNAMICS EXISTS

o Fluids: 0, T =0 "4 time & space Carrollian equations
c—>

o Fields: [1® =0 " Carrollian scalar field e.g. 9?® = 0
c—

ALL THIS CAN BE EXTENDED FOR CURVED CARROLLIAN MANIFOLDS
o Carrollian geometry: degenerate metric plus kernel
ds? = qudx*dx”  gqun’ =0
o Extra equipment: connection — torsion & curvature
Note: Levi—Civita is not unique — physical implications

o Carroll group: acts on the tangent space
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EXAMPLE: THE LIGHTCONE

BACK TO MINKOWSKI: LIGHT RAYS ALONG X
o ct — x = up constant: light-like (null) hypersurface (3-dim)

ct

<

o the induced metric on the 3-dim null hypersurface is
degenerate: ds> = —c2d? + dx? + dy? + dz? = dy? + d 2




IN GENERAL

NULL HYPERSURFACES YIELD CARROLLIAN GEOMETRIES
o Black-hole horizons — ordinary Carrollian (not Galilean!)

o Asymptotic null infinity in gravitational fields produced by
localized mass distributions — conformal Carrollian




NULL INFINITY f:t — THE REALM OF RADIATION

MINKOWSKI AGAIN ¢t & r = tan(ct’ = r') — {t', r'} compacT

ds* = —c*dt® +dr?

= (—c2dt? + dr” )

o radial light rays: constant ct + r i.e. constant ct’ + r/

ct

/ .
0 o of | N, ,
AN
,'s a
N\

o incoming radiation originates from .# ~
o outgoing radiation heads towards .%

o &~ U.ZT is the null conformal boundary




THE SAME HOLDS FOR GRAVITATIONAL RADIATION

Solving Einstein’s equations with localized matter — {.#, ds*}

F1GURE: Newman—Penrose 1968

KEY MESSAGE

Einstein dynamics in {///, dsz} < Carrollian dynamics on .+

v
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ADS/CFT I — BUILDING EINSTEIN SPACETIMES

SOLVING EINSTEIN’S EQUATIONS Epny + AGyny =0 A <0

o choose a gauge with a radial coordinate r, expand ds?
impose bry. conditions, solve iteratively for all f(u, ¥, )s
o finite solution space without generic gravitational radiation
conformal bry. 1st and 2nd fundamental forms: g, & T,,,
V, T =0
o asymptotic symmetries (Dirichlet bry. conditions) in 4 dim
conformal group of the 3-dim bry. = S0O(3,2) — 10

conformal

/ boundary
bulk | .#



ADS/CFT II — HOLOGRAPHIC PRINCIPLE

ADS/CFT CORRESPONDENCE IN A NUTSHELL
o incarnation of old ’t Hooft & Susskind ideas on gravity dofs

o fundamental theories: type |IB string and N = 4 SYM
o holographic: dual field theory on a codim-1 time-like
hypersurface — the conformal boundary .%

o bulk field = leading + subleading

. [/
o (subleading)yy. cFr = (Sleabd‘ikng

o pivotal ingredients: conjugate to each other

o conserved bry. en.-mom. tensor (sublead. — vev) T, ~ 1/r
o the bry. metric (leading — source) g,,, ~ r?




ADS VERSUS FLAT | — ASYMPTOTICS

From ADS, TO FLAT, DIMn—=d + 2

N=— k*— 0
it it
g+
AdS bulk | .7 P flat bulk i
-

7% is a null hypersurface — Carrollian geometry

asymptotic isometry group BMS,, = Lorentz x Supertransls.
= conformal Carrollian group €Cart(n — 1)

J




FraT vERSUS ADS II — CARROLLIAN BOUNDARY FIELDS

SOLVING EINSTEIN FOR ASYMPTOTICALLY FLAT SPACETIMES DIM 4

o Ricci-flat spacetimes have oo-dim solution space
@ Carrollian boundary geometry
@ radiation
L free — part of the boundary Carrollian connection
@ Carrollian momenta
L generalized Carrollian conservation laws
@ Chthonian fields

L evolution Carrollian equations
o all information is reached as A = —3k? — 0 carefully

Laurent expansion of AdS en.-mom. tensor — 3 & 4

b T = g T




ds? . = 293 (dr+ rA) + r’ds® + r€0"0° + H%Be/‘eﬂ

u u
+ Z - (f(s)ﬁ + 275940 +f(S)ABeAeB>
s=1

using a boundary Cartan frame adapted to a congruence u
N 2
o ds? = 1,50708 = — (90) + 6,090"
o u=—k00 = —k? (Qdu — bdx') = K
with
@ f(s)a & f(s)aB transverse wrt u

o all coefficients of definite Weyl weight




IDEAS FOR FLAT-SPACE HOLOGRAPHY I 11 BUONO

ForLowING THE ADS;/CFT3 PARADIGM
o dual CFT; on the Carrollian conformal boundary .#+
o must be invariant under BMS, = SL(2,C) x sT = €Carr;

COMPARAISON N’EST PAS RAISON
o the vev-source relationship is blured
o clearly multi-sector (scattering, bound states & deep dofs)

possibly non-local, non-unitary or non-holographic

Great deal of novelties to handle — slow progress




IDEAS FOR FLAT-SPACE HOLOGRAPHY Il 11 BrUTO

FLAT/CFT = limy_,o ADS/CFT

Consider appropriate bulk diagrams — harsh task requires care J

Preliminary results beyond the classical solution reconstruction
for the radiative sector




IDEAS FOR FLAT-SPACE HOLOGRAPHY Il 17 carrivo

THE CELESTIAL SPHERE
o . isacutof £+
o Lorentz group SL(2,C) acts on .%; as Mdbius transfs.

asympt. flat

Mobius are conformal transformations ...il n’y a qu’un pas ...

)




UTTERLY DIFFERENT PATH: FLAT,/CFT, CELESTIAL APPROACH

FRAMEWORK o .¥) = “spatial section” of the Carrollian bry.
o 2-dim en.—-mom. tensor ~ f(c fR Nab
FEATURE mostly designed for recasting radiation S-matrix
on Minkowski & soft theorems — not fund. theor.
(scat. ampl.) mink. ~ (correl. ) o,

not bound to gravity — could have been elaborated in the 80ies

4

7, conformal weights are the bulk-boost eigenvalues € 1+ i R |

Exotic CFT, with intriguing results and recent efforts to recast
them in the appropriate Carrollian language — more is needed
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CARROLLIAN PHYSICS AND FLAT HOLOGRAPHY

Facts

Qo

Qo

Carrollian structures are well understood

bulk Einstein’s equations are mapped onto Carrollian
boundary dynamics

an infinite number of data emerge in the solution space

o a genuine boundary energy-momentum tensor is available

satisfactory understanding of

o gravitational losses reflecting Carroll boost breaking
o charges, magnetic charges and duality properties

EXPECTATIONS

Qo

Qo

Qo

work out genuine Carrollian CFTs in 3 dim
elaborate on Carrollian—-Chthonian holography

o shear/news scattering sector at order r
o energy—momentum & Chthonian sector at 1//"Vm > 1

make contact with the celestial approach
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