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Expansion Tensor 0,, = §£gqab such that 6, = §qab + 0,°
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Carrollian Connection D,en = —wgaen With w, = kkgq + 74
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Dynamics on Null Hypersurfaces

Null Brown York Tensor T,,° := D,¢° — §° D (¢

Einstein Gravity projected to N : DyT,° = Tﬂat

[Chandrasekaran-Speranza 20, Chandrasekaran-Flanagan-Shehzad-Speranza ’21]
[Freidel-Jai-akson '22]

Projected to ¢ : (Ly+ 0)0 = nub — 0, 0% — Rys Null Raychaudhuri Equation

Projected to q." : (Ly+ 0)m, = Db(,uqab — O'ab) + R,s Damour Equation

0

L= K- 5 Surface Tension
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Einstein Projected to Null Hypersurtace

[Raychaudhuri 55, Sachs '61, Landau ’75]\\

Null Raychaudhuri

(Ly+60)0 = b — 0,0y — SWGTKI?a’t
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Einstein Projected to Null Hypersurtace

[Raychaudhuri °’55, Sachs '61, Landau ’75]\\

Null Raychaudhuri
[Damour 79, Thorne-Price-Macdonald ‘86, Penna ’17,
Donnay-Marteau, LC-Leigh-Marteau-Petropoulos '19,
Freidel-Jai-akson 22, LC-Freidel-Leigh 23]

Intrinsic Null Conservation Law
With Matter Source

(Ly+60)0 = b — 0,00 — IrGT,)™" & ganTab _ EI?at
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2

Intrinsic, but also derivable from bulk EH symplectica

[Hayward '93, Ashtekar ‘00, Lewandowski ‘04, Lehner-Myers-Poisson-Sorkin ‘16, Parattu-Chakraborty-Padmanabhan '16, De Paoli-Speziale '17,
Adami-Grumiller-Sheikh-Jabbari-Taghiloo-Yavartanoo-Zwikel '21, Chandrasekaran-Speranza ‘21, Chandrasekaran-Flanagan-Shehzad-Speranza 21,
Freidel-Jai-akson 22, Odak-Rignon-Bret-Speziale '23, Chandrasekaran-Flanagan ’23, LC-Freidel-Leigh ‘23]
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Intrinsic, but also derivable from bulk EH symplectica

[Hayward '93, Ashtekar ‘00, Lewandowski ‘04, Lehner-Myers-Poisson-Sorkin ‘16, Parattu-Chakraborty-Padmanabhan '16, De Paoli-Speziale '17,
Adami-Grumiller-Sheikh-Jabbari-Taghiloo-Yavartanoo-Zwikel '21, Chandrasekaran-Speranza ‘21, Chandrasekaran-Flanagan-Shehzad-Speranza 21,
Freidel-Jai-akson 22, Odak-Rignon-Bret-Speziale '23, Chandrasekaran-Flanagan ’23, LC-Freidel-Leigh ‘23]

Charges: Q™" =00™" Q¢ = [0 = —/

en E9DyT," + / ey £9T,°
N

C
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Intrinsic Canonical Symplectic Potential

1
Tab — '/agb + Tab @Can — / 5N(§Tab5qab T Ta5€a>
N

Intrinsic, but also derivable from bulk EH symplectica

[Hayward '93, Ashtekar ‘00, Lewandowski ‘04, Lehner-Myers-Poisson-Sorkin ‘16, Parattu-Chakraborty-Padmanabhan '16, De Paoli-Speziale '17,
Adami-Grumiller-Sheikh-Jabbari-Taghiloo-Yavartanoo-Zwikel '21, Chandrasekaran-Speranza ‘21, Chandrasekaran-Flanagan-Shehzad-Speranza 21,
Freidel-Jai-akson 22, Odak-Rignon-Bret-Speziale '23, Chandrasekaran-Flanagan ’23, LC-Freidel-Leigh ‘23]

Charges: (™" =00™" Q¢ =I[;0"" = —/ en E4Dy T, + / ey E9T,°
N C

Unimodular decomposition q.p = 2@ap = en = Qg(O) co = Qg(co)

Dynamical data: Spin-0 {2, u} Spin-1 {m,,£%} Spin-2 {Ja’b,(jab}
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Prime Phase Space |

Raychaudhuri has only Spin-0 & Spin-2, we want to decouple the Spin-1 Sector

Diffeomorphisms: €% = ¢* + Y %, Focus on time reparameterization Y = 0

[Specific case of Carrollian Diffeomorphisms
LC, Marteau, Petkou, Petropoulous, Siampos ’18]

¢ defined modulo internal boosts 0,/ = \/¢
No Spin-1: 04% = —dal® = odra=L(f) & dha = —A

Dressing 0rav = (07 +6x;)a=0 & Ay = {(f)
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Since 0¢ = 0 on the prime phase space, choose ¢ = 0,
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Since 0¢ = 0 on the prime phase space, choose ¢ = 0,

Raychaudhuri constraint

C =020 — 10,9 + O (02 + 87GT)) =0
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Prime Phase Space |l

Since 0¢ = 0 on the prime phase space, choose ¢ = 0,

Raychaudhuri constraint

C =020 — 10,9 + O (02 + 87GT)) =0

Time Reparameterization Charge:

, 1 / (0) 1 / (0)
Qf 87TG N 6N fc 87TG C 5C ( 8 f fa )
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Spin-1 Decouples on the Prime Phase Space

can 1 (0) (s (1. ab B
() _87TG/A/€N (5(290' )/\5Qab 5,&/\59)

Symplectica



Kinematical Poisson Brackets

Spin-1 Decouples on the Prime Phase Space
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We Want to Compute the Poisson Bracket
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Kinematical Poisson Brackets

Spin-1 Decouples on the Prime Phase Space

1

can __ (0) 10 .ab B
() _87TG/A[€N (5(QQO' )/\5Qab 5,&/\59)

We Want to Compute the Poisson Bracket

dz + (dz|?

5 with 3 =1 — (¢

Beltrami Differentials: g, dz%d2” = 2
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Kinematical Poisson Brackets

Spin-1 Decouples on the Prime Phase Space

1

can __ (0) 1 ab o
() _SWG/J\[SN (5(QQO' )/\5Qab 5,&/\5@)

We Want to Compute the Poisson Bracket

d dz|? _
Beltrami Differentials: g, dz*dz" = 2‘ - +5< d with 8 =1 — ((C
— 1 — [v2 e v
Define the Propagator: Pi1o = \/Q1Q26 Ju 2 (€00 6=CBuC)e 0(v1 — v2)5(2)(21 — 29)
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]
f12 ~ ‘9(@1 — U2)5(2) (Zl — ZQ)
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]
O C 7)12 ™~ H(Ul — 02)5(2) (Zl — 22)
V1 1

61 62f12

{:ulv CQ} = —4nG
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]
ﬁlQ ~ ‘9(@1 — U2)5(2) (Zl — ZQ)

Oy, __
1, Gt = —4nG o1 52 P12
51
{1, p2} = 87G 6P (21 — x2) o7
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]
ﬁlQ ~ ‘9(@1 — U2)5(2) (Zl — ZQ)

Oy, _
1, G = —4nG o1 G2 P12
051
{21, ot = 87G 53 (71 — 72) ,93'
@U 8’02_ S
{1, pot = 4nG 1 <27712 + c.c. :

B152
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]

512 ~ (9(?}1 — UQ)

aful Cl
51

{91,,@} = 87G 6 (331 — wz)

6’01 Cl 8’02
5152

1, G = —4nG 52512

G2 P1is + c.c.

11, pot = 4G
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{517 CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]
le ™ 9(”1 — /02)5<2> (21 — 22)

Oy, —
{p1, Gt = —4nG 51§1 B2 P12
{Ql, ,UQ} = 81(s 5(3) (33‘1 — 5132)
Oy, 104, Co —
{1, po} = 4nG éiﬁz <27712 + c.c.

Ultralocal Structure on the Cut

Non-Commutativity on Null Lines
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]

flg ~ (9(?}1 — UQ)

Oy, —
{p1, G = —4nG 61C1 O2P12
{Ql, ,ug} = 81(s 5(3) (513‘1 — CI?Q)
@’Ul 8’02_ S
{1, po} = 4nG 2152 <27712 + c.c.

Non-Commutativity on Null Lines

1t Crucial: Spin-0&2 Non-Perturbative Mixing
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Kinematical Poisson Brackets

[Sachs '62, Gambini-Restuccia '78, Penrose 80, Torre 86, Goldberg-
Robinson-Soteriou ‘96, Ashtekar ‘00, Lewandowski ‘04, Reisenberger

{C_lv CQ} — 47TG 61 62 512 ‘07’12’17 ’18, Wieland '17 ’19 ‘21, LC-Freidel-Leigh 23]

flg ~ (9(?}1 — UQ)

Oy, _
1, G = —4nG 61C1 G2 P12
{Ql, ,UQ} = 81(s 5(3) (513‘1 — CI?Q)
Oy, 104, Co —
{1, pot = 4nG 2162 <27712 + c.c.

Non-Commutativity on Null Lines

1 Crucial: Spin-0&2 Non-Perturbative Mixing Ultralocality of Carrollian Physics
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Dressing Time

We Want 4 = 0, but it 1s a Dynamical Variable, we must Trade it

Consider a diffeo V : v — V (v, 0)

~ 82‘/
A=QoV o4 =0,V(GwoV) pu=09,V(poV)- QUV

= C=(0,V)*CoV

Dressing Time
0=V

NZO@ —
K S

Non-Expanding Horizons 1 = k = 0, Dressing Time=Aftine Time
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Dressing Time
Trade p <>V

[The Internal Clock, a Specific Dynamical Frame: Rovelli '91,
Carrozza-Hoehn 21, Goeller-Hoehn-Kirklin ‘22]
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Dressing Time
Trade p <>V

[The Internal Clock, a Specific Dynamical Frame: Rovelli '91,
Carrozza-Hoehn 21, Goeller-Hoehn-Kirklin ‘22]

can __ 1 (0) 10 .ab B
() _SWG/J\/E:N ((S(QQO' )/\5QQb 5”/\5@)
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Dressing Time
Trade p <>V

[The Internal Clock, a Specific Dynamical Frame: Rovelli '91,
Carrozza-Hoehn 21, Goeller-Hoehn-Kirklin ‘22]

can __ 1 (0) 10 .ab B
() _87TG/A/€N ((S(QQO' )/\5Qab 5MA5Q>

0,0V
OV

Using the Dressing Time: 6Q =6Qo V +5VOyQoV  du =0,
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Qcan —

Dressing Time
Trade p <>V

[The Internal Clock, a Specific Dynamical Frame: Rovelli '91,
Carrozza-Hoehn 21, Goeller-Hoehn-Kirklin 22]

can __ 1 (0) ab B
() _87TG/ N(5( Qo )/\5Qab 5MA5Q>

0,0V
OV

Using the Dressing Time: 6Q =6Qo V +5VOyQoV  du =0,

1 (0) 1xab ~ - ~ /
87TG/ E N (8UV5(ZQO' )AOGap oV (5V/\(5(@UVC’)OV) o c()
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Dressing Time
Trade <V

[The Internal Clock, a Specific Dynamical Frame: Rovelli '91,
Carrozza-Hoehn 21, Goeller-Hoehn-Kirklin 22]

can 1 a
Qe — 87TG/ 5{?(5( Qo b)/\5Qab—5,LL/\5Q>

0,0V
OV

Using the Dressing Time: 6Q =6Qo V +5VOyQoV  du =0,

can __ 1 (0) 1xab 5 _ 9 /
()" = 87TG/ E N (&UV(S(QQU )AOGap oV 5V/\5(8UVC)OV) + C()

Spin-0 Sector: The Constraint is the Symplectic Pair of the Dressing Time
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Boost Charge

~

Dressing Time: C' = 02Q + (52 + 87C¢ T{}‘?}) Q;




Boost Charge

Dressing Time: C = 8‘2/(2 + O (0 + 871G mat> @

Specialize to Boosts  frdy = (V — T)dy

[Useful in the Crossed Product: Connes 73, Connes-Rovelli
‘94, Witten ’21, Jensen-Sorce-Speranza ’23, Klinger-Leigh ’23]
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Boost Charge

Dressing Time: C = 8‘2/(2 + O (0 + 871G mat> @

Specialize to Boosts  frdy = (V — T)dy

[Useful in the Crossed Product: Connes 73, Connes-Rovelli
‘94, Witten ’21, Jensen-Sorce-Speranza ’23, Klinger-Leigh ’23]

At the Cut Ct

QlT(CT)&SwG/ e e > 6 /%
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Boost Charge

Q' (C) = /C Sk

Boost Charge
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Y E

Boost Charge

Boost Charge



Oy St =

Y E

Boost Charge

Future-Directed Boost & NEC
oSt > 0
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Boost Charge

Ov ST = (V —T)Q(6% 4+ 8nGT™3)

S (G

Future-Directed Boost & NEC
oSt > (0

Boost in Dressing Time Positive and Monotonic even with Expansion

Dynamical Entropy
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Boost Charge

Oy St =

Y E

Future-Directed Boost & NEC
oSt > 0

Boost in Dressing Time Positive and Monotonic even with Expansion

Dynamical Entropy

S(V) - 5(1) = AS = —— (A2~ (v~ T)i(V))

[Jacobson-Parentani ‘03, Bianchi ’12, Rignon-Bret '23, LC-Freidel-Leigh '23]
[Wald-Zhang, Visser-Yan To Appear]

Boost Charge
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> > QC Quantum Gravity Operatorial Statement

Perturbation



Perturbative Quantum Geometry
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> > ° Quantum Gravity Operatorial Statement

The Sectors Mix: Challenging Task

Perturbation



Perturbative Quantum Geometry

C = 0,0 — po,Q+ Q (0 + 8rGT)

/\
C =0

C:O @

> > ° Quantum Gravity Operatorial Statement
The Sectors Mix: Challenging Task

Non-perturbative Quantization of Geometry

"%
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Perturbative Quantum Geometry

C = 9;Q — 110, + Q (0% + 8rGT")

/\
C =0

C:O @

> > PA Quantum Gravity Operatorial Statement
The Sectors Mix: Challenging Task
Non-perturbative Quantization of Geometry

The fate of Symmetries?

"%
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Perturbative Quantum Geometry

C = 0,0 — po,Q+ Q (0 + 8rGT)

A
= O . . .
QC Classical Weak Gravity Regime
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Perturbative Quantum Geometry

C = 0,0 — 0, + Q (0% + 8nGT}")

A
= O . . .
QC Classical Weak Gravity Regime

The Sectors Decouple
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Perturbative Quantum Geometry

C = 0,0 — 0, + Q (0% + 8nGT}")

A
= O . . .
QC Classical Weak Gravity Regime
The Sectors Decouple

Perturbative Backreaction on Geometry

Phase Space Under Control
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Perturbative Quantum Geometry

C = 0,Q — 0,2+ Q (0 + 87GT}")

N
.C =0 Symplectic Quantization
Non-perturbative in h
Acs Quantum Geometry Spin-0 Operators
> o "0

Symmetries under control
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Perturbative Quantum Geometry

C =0 Different from semi-classical regime

and usual Perturbative Quantum Gravity scheme
(G Finite and A Small)

> > > O éQa)zo
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In this talk: Stationary Background

To avoid proliferation of phase space variables: perturbative dressing time = 1

oM = 83@1 — 10,0 =0 No External Source: 0,21 =0
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Spin-0 Sector

Raychaudhuri as a Stress Tensors Balance Law

1
T5) + T35 - 4T5§1ﬁt = ()

Perturbative Decoupling of Spin-0&2 : {ji1, X2} =0 = {T%

VU Tvsfg =0
Spin-0 Geometry Stress Tensor T = 02y — 10,7

Spin-0 Geometry on equal footing as the other sectors: perturbative quantum geometry
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U1 — U2

With: Ia ~ _62) a nd w(fy) ~ 627 [Polchinski '98, Losev-Marshakov-Zeitlin ‘05, Nekrasov '05, Kapustin-Witten ’06]

The Power of Null Ultralocality: Spin-0 Geometry: 3+ CFT on Null Lines
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G A

C =0 The Problem of Affine Time: i Crucial

(=0e O

A .

1 Spin-0 easy to quantize: curved B~ CFT

N
A "/T\}°+’EZ+TM.—_-O No need to discretize the null generators
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N % Universal UV divergences in energy fluctuations
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Postulate: Quantum Gravity has finite central charge
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In our setup, this implies that the central charge is infinite

G]. N /Postulate: Quantum Gravity has finite central charge
C =0
C=0 ’
N A
| Areal Form Operator () must have reps with discrete support
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Atomic Quantization

[In the same vein of: Rovelli-Smolin '94, Ashtekar-
Lewandowski '96, Rovelli '96, and many many other]

Preaching to the choir: there are co-many null generators/points on the cut

In our setup, this implies that the central charge is infinite

Postulate: Quantum Gravity has finite central charge
—~ 0 / Q y g

N\
C
®
A ~ n n
| Areal Form Operator () must have reps with discrete support
A TA A A On the Cuts
C = l$o+\52.+ lm':O
> > > ®

Ultralocality: it can be done preserving symmetries
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A property of the representation Continuous in the null generators

Leads to finite central charge for the Spin-0 sector

TSO( ) Ts() ( ) _ N |5 2 TjS(”())U( ): I5 6) 'TJS(”())U( )
1,0V 7,0V (Ul o ?]2)4 1) (Ul L U2)2 1] V1 — V9

[LC-Freidel-Leigh to appear ’24]
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A property of the representation Continuous in the null generators

Leads to finite central charge for the Spin-0 sector

S 5 N 2: T30, (v2): Ovy : T30, (v2):
Tz ’IOJ’U( ) Tj?)”l}( ) — ((Ul —?]2)4 | 573j = | 573.7 -

(Ul — Uz)z U1 — U2

[LC-Freidel-Leigh to appear ’24]

The Spin-0 Central Charge Counts the Number of Geometric Dofs
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