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Fluid-Gravity perspective, Membrane paradigm
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We extract after a canonical transformation a canonical Carrollian-fluid potential
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The surface tension µ, transforms anomalously under time reparametrisation
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The Dressing Time
[a Specific Dynamical Frame:
 LF-Donnelly’16, Rovelli ’19,
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The canonical structure can then be written in terms of the gauge invariant observables
<latexit sha1_base64="QzMKO68qNrIFAfvhV5uWmGaZVEc="></latexit>

The dressing time is conjugated to the constraint in the bulk

<latexit sha1_base64="UNxSOzzWuPL8fjrZ0Qx9ZaJ6k5Q="></latexit>

At the corner, the boost time is conjugated to the area form

<latexit sha1_base64="zR+75mZI4Q3VOeAhguxRKB95GRY="></latexit>

At the quantum level, allowing finite resolution smoothen modular divergences
<latexit sha1_base64="w81DjPsHE2QuqNvPKvcK0E+DVGg="></latexit>

�V 6= 0 ! �K < 1

[Carlip-Teitelboim ’93, 
Wald ’93]

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

<latexit sha1_base64="KKMj+ap6nwaCVN5Z8tPe2msRqwI="></latexit>

S̃T = (1� (V � T )@V )⌦
<latexit sha1_base64="kgWSg1SZdWaD+L0GR2GqiQ590aM="></latexit>

Charge associated to Boosts fT@V = (V � T )@V

<latexit sha1_base64="RXFzH9a8ll/Kwaik842oMZsqrx4="></latexit>

is monotonic even with Expansion @V ST � 0

<latexit sha1_base64="FDrCSICbhBDlSqzZQ/GqmEFHV7k="></latexit>

It provides a specific quantum clock (QRF)

<latexit sha1_base64="g94bDe3DV2I851eOGJ71XBg2YFY="></latexit>

It allows the definition of a dynamical entropy that satisfies a Generalized Second Law

[Hollands-Wald-Zhang ‘24, Visser-Yan ’24]

<latexit sha1_base64="9+P90xvwn/CEGIuIDE/DrhcDy64="></latexit>

The area form is shown to be equal to the modular Hamiltonian



Constraint algebra
<latexit sha1_base64="mSqbui6lGlgRrneSqxkeB36a4rY="></latexit>

At the quantum level: Promote Raychaudhuri to a quantum stress operator balance law

<latexit sha1_base64="I2u/2xj+GyKjWZBCU7egr88sC5Q="></latexit>

T̂ 2 =: ⌦̂�̂a
b�̂b

a:
<latexit sha1_base64="lFavAe3xoFpSH6ym6OLVqnEGjHw="></latexit>

T̂M =:⌦ Tmat
vv :

<latexit sha1_base64="qWj0totRKX6OvuAIf8oPq5ulWyo="></latexit>

Carrollian Ultralocality ! Each null ray carry a chiral CFT
[Schroer’ 10, Wall ’11]

<latexit sha1_base64="ViQmEVn8HpOAvSK52UuMVyS3gzI="></latexit>

The algebra develop a central charge which can be evaluated perturbatively
<latexit sha1_base64="ulhL0q4QR99AfqD0mgW6eUeZgz0="></latexit>

and non-perturbatively

<latexit sha1_base64="u3NYk1YIqXdvC3KhZgiqS9T56R0="></latexit>

CCC = T̂ 0 + T̂ 2 + T̂mat

<latexit sha1_base64="Xq0IOu8iTmIfhCMCcZV49Ralk3w="></latexit>

T̂ 0 = @2
v⌦̂� :µ@v⌦̂ :

<latexit sha1_base64="kotIOo+7O53SX7iM831CXXvZy7c="></latexit>

! 4d Quantum gravity reduces to a collection of 1 dimensional CFTs!



Quantization
<latexit sha1_base64="mSqbui6lGlgRrneSqxkeB36a4rY="></latexit>

At the quantum level: Promote Raychaudhuri to a quantum stress operator balance law
<latexit sha1_base64="yDUdIhUob3QN4bzWz7uJBzKUJT4="></latexit>

CCCf =

Z

N
fCCC(u, z, z̄)

<latexit sha1_base64="jWBiSDTI+idzXeOjOQlPfPxSu24="></latexit>

[CCCf ,CCCg] = CCC{f,g} + cN

Z

N
(@3

vfg � @3
vgf)

<latexit sha1_base64="ookj3VXJZSOLTBarveDNVwBlnxg="></latexit>

c = central charge per null generator
<latexit sha1_base64="UuRV9zMl1v3klro6FuZz2s4U2K4="></latexit>

N = number point points on the cut C
<latexit sha1_base64="h0Q3D9FilV2PkeikCv6HHbd49CU="></latexit>

{f, g} = f@vg � g@vf
<latexit sha1_base64="Aa1hOZdA7Fy7MMxEFIQoudR1yJw="></latexit>

de Witt bracket

<latexit sha1_base64="f6w+h6vgX5l2H6UEkdDGLiGGQlo="></latexit>

eiCCCf�e�iCCCf = � � Ff Ff (v) = ef@v (v).

<latexit sha1_base64="fFR3iS2gXBKql0lPji14pxpJG1Y="></latexit>

generates time reparametrisation

<latexit sha1_base64="66QU5pFzUWqOGa0jcNzekTXWe6w="></latexit>

It satisfies the algebra



Quantization and Time
<latexit sha1_base64="jWBiSDTI+idzXeOjOQlPfPxSu24="></latexit>

[CCCf ,CCCg] = CCC{f,g} + cN

Z

N
(@3

vfg � @3
vgf)

<latexit sha1_base64="66QU5pFzUWqOGa0jcNzekTXWe6w="></latexit>

It satisfies the algebra

<latexit sha1_base64="tfgyHvpH9FqbLsi4FscGVZkPeDE="></latexit>

Physical observables commute with CCCf

<latexit sha1_base64="ImPPn2VGiOK//Eumg2Z1jBuuZQ8="></latexit>

Expectation value of Physical observables are time independent hf |O|fi = h0|O|0i

<latexit sha1_base64="D0wyJH9WXzGBcn3Lh/A0U1+kYLM="></latexit>

States depend on time |||fi := eiCCCf |0i 6= |0i

<latexit sha1_base64="9ohkDe+pXtb5Bg8jLyZoIdhY9vI="></latexit>

Quantization depends on time through the normal order
<latexit sha1_base64="+vD9GzeByg+Tr8qlCWvw8oRtF+o="></latexit>

:A ::B :=:A ?B :



Weak Gravity Expansion
<latexit sha1_base64="mPKzikbUZsa9T/OXlBviW9GF4R4="></latexit>

Perturbative expansion can be performed in Stationary Background @v⌦0 = 0

<latexit sha1_base64="FxARrpjfa8iQLu9jjO292lJQP04="></latexit>

Perturbative Decoupling of Spin-0&2&mat : {µ̄1, ⇣2} = 0 ) [T 0, T 2] = 0
<latexit sha1_base64="DijXEKiyVuknTapENMe7ifokmz0="></latexit>

Each stress tensor T̂ 0, T̂ 2, T̂mat satisfy a chiral Virasoro algebra

<latexit sha1_base64="aAtS06pr0N6QQQQQ2e+y8/Lmj2U="></latexit>

c = cSpin-0 + cSpin-2 + cmat = 2 + 2 + cmat

<latexit sha1_base64="G5rw7U1Q30zMSDN/uHKeORBPc04="></latexit>

N = �(2)(0) = 1
<latexit sha1_base64="sKxbJ/FtVwTToio8LaSUN02yJS8="></latexit>

Universal UV divergences in energy fluctuations

<latexit sha1_base64="aqCbyljldqMQIzy8qmwZJoDuSsQ="></latexit>

CCC(x1)CCC(x2) ⇠
✓

cN

2(v12 + i✏)4
+

2CCC(x2)

(v12 + i✏)2
+

@v2CCC(x2)

(v12 + i✏)

◆
�(2)(z1 � z2)



Molecular Quantization
<latexit sha1_base64="zBe0+9sMH570hPjBtEdY2fdZFrw="></latexit>

⌦̂(v, z) =
NX

i=1

⌦̂i(v)�
(2)(z � zi)

<latexit sha1_base64="2e1XDalrhJgi2b/5hY5/0fcnWpE="></latexit>

Continuous in the null generators

<latexit sha1_base64="jVGyhNgEs3N3ero+H43qoxcD1mg="></latexit>

Leads to finite central charge for the Spin-0 sector

[LC-Freidel-Leigh to appear ’24]

<latexit sha1_base64="4PSZczO7PMPfckJj7tHzTJykM4w="></latexit>

Molecular Quantization: Mesoscopic Quantum Gravity Scale

<latexit sha1_base64="UYpGWcJHIpN43Jv/fKppZ144Y2o="></latexit>

TTT (x) =
X

i

⌦iTTT i(v1)�
(2)(z � z1)

<latexit sha1_base64="G63dkTNP6e5pBj9Z0nw0H3almLA="></latexit>

A property of the corner symmetry representation

[Connects to: Rovelli-Smolin ’94, Ashtekar-
Lewandowski ’96, Rovelli ’96, Wieland ’21-23
and many others]

<latexit sha1_base64="tWmce7fH3nNhn5GY7wCxrK80Ltg="></latexit>

Fuzzy sphere regularization ?

<latexit sha1_base64="dPHdEglhFad0d7ec7eTFbzbYl5Q="></latexit>

CCCi(x1)CCCj(x2) : = �ij

✓
c

2(v12 � i✏)4
+

2CCCj(v2)

(v12 � i✏)2
+

@v2CCCj(v2)

v12 � i✏

◆



Molecular Quantization, LQG and Holography
<latexit sha1_base64="zBe0+9sMH570hPjBtEdY2fdZFrw="></latexit>

⌦̂(v, z) =
NX

i=1

⌦̂i(v)�
(2)(z � zi)

<latexit sha1_base64="0A2WIIJsYnnjeP4mU6Q4bQA7zhI="></latexit>

The symmetry group is BMSW=Di↵(S)n RS n RS

<latexit sha1_base64="7rjUic592cP5rSw/BTc+jo100VM="></latexit>

The area operator plays the role of a fluid density

<latexit sha1_base64="kkNQOzwT4OQpdmReTGpmUCJoyrA="></latexit>

The spatial di↵eomorphims generate entanglement and have a canonical generator

<latexit sha1_base64="k7azBN/p+mgUHfGXq0TSkXrha1I="></latexit>

Each null line carries a Fock vaccum
<latexit sha1_base64="ygpR0KGmMZaANALOEyd73Zk57yM="></latexit>

Usual Fock vaccum is recover as a continuum limit of embadons.

<latexit sha1_base64="JnDhwpG8Plya6pOW+QjB6KmUu2g="></latexit>

The area form is equal to the modular Hamiltonian

<latexit sha1_base64="cn3NNcjJqoVnpe5iDG93dM2N8EY="></latexit>

These are the foundational elements of LQG and Holography
<latexit sha1_base64="eO+YbnRQvTqwxFat47XYkvpHDw0="></latexit>

Key di↵erences with LQG:

<latexit sha1_base64="vI7mYX/PRzIkE8WbA7VxkXyTOSc="></latexit>

Null Time reparametrisation can be quantized and is centrally extended

<latexit sha1_base64="wXjtIlwi22PqI4wVbJSBYsYoaT8="></latexit>

with constituents called “embadon” ✏µ�↵�o⌫
<latexit sha1_base64="E91mEuu6WpLlSdupfR2VUZiFpuQ="></latexit>

which are codimension 2 area elements

<latexit sha1_base64="hBACTn2kToHDVc36g308cfASUeI="></latexit>

: LQG

<latexit sha1_base64="D+e7ZQiRsLExRtttYtDbAszOXT8="></latexit>

: Hol

<latexit sha1_base64="lCPA+zDKkEAN2dWVbXQTI2OQcoc="></latexit>

Boost di↵eomorphism is non trivially represented on every cut

<latexit sha1_base64="LCDHj9T2EHe+rgozyAQQBomAIwY="></latexit>

not SU(2)



Mesoscopic Quantum Gravity

<latexit sha1_base64="tFhLPV+vUJeXJyEbAJTOZGKZ2PA="></latexit>

Ultralocality: it can be done preserving symmetries

<latexit sha1_base64="HqyL6WyCndTKNRjokvqkwcwQ1bw="></latexit>

There are 1-many null generators/points on the cut

<latexit sha1_base64="AZZLZqMLMpysyxAUub5aKhDax/Q="></latexit>

At Mesoscopic Quantum Gravity Scale

<latexit sha1_base64="WsvwOpd1Jzd8tPQDF9yU6R1oaWQ="></latexit>

Quantum Area ⌦̂ has reps with discrete support
<latexit sha1_base64="fP23xmz4lRSKVyM0cYvOWlYCugQ="></latexit>

Quantum Geometry provides a UV regulator

<latexit sha1_base64="oiYVsGqu62FS2wn5WPsDufn3/7c="></latexit>

Postulate: Quantum Gravity has finite central charge

<latexit sha1_base64="MKTWqTuk0Ok03OZYCiTUppemV+g="></latexit>

Find discrete=molecular representation of BMSW

<latexit sha1_base64="mVaCIKKzfKZwNPcyvgjZ8jqcMcU="></latexit>

The central charge diverges in perturbative QFT

<latexit sha1_base64="4SkyfQlL9QD4vDYb3yWKWQ6c+ag="></latexit>

The central charge vanishes classically



Conclusion
<latexit sha1_base64="j7KMji4L4PX7UMEFBnz8qkDQZMQ="></latexit>

Raychaudhuri Constraint as a Carrollian Conservation Law

<latexit sha1_base64="EZc+QHEvaAk70X2QSlwc8wcCqkU="></latexit>

Damour and Spin-1

<latexit sha1_base64="rAuWjBS7A/lAf0gfmEgHVPnG6VE="></latexit>

Dressing Time and Boost Monotonicity

<latexit sha1_base64="i06FOU/1kDxcOEucdIUay0GuTH0="></latexit>

Molecular Quantization leads to UV finiteness

<latexit sha1_base64="QzQgHTOw0okBax8bX8OWfppnoi0="></latexit>

Raychaudhuri Constraint as a Chiral CFT balance equation

<latexit sha1_base64="6rbSJOqkuPG5lwLWofRRNq6AP08="></latexit>

Future:
<latexit sha1_base64="k60Z2XlBygPirbeADk6958o7AQE="></latexit>

Intersecting light cones and study of

<latexit sha1_base64="szXqerKLtG5B5OGt2wdzBP2paEY="></latexit>

Time exists due to the central charge

<latexit sha1_base64="p8UTwYy2WVP8e578KPuv9ebfCJk="></latexit>

The Verlinde-Zurek Fluctuation equation

<latexit sha1_base64="qwm89tLg4qcUo6L+u4ZagZDA9BY="></latexit>

The area element is the modular Hamiltonian

<latexit sha1_base64="ejZSkvOBUUP3WveFGjuEMrgwdp4="></latexit>

Connection with asymptotic infinity
<latexit sha1_base64="Sz8SYlr0NeffDh6RxfHwpIUz1vA="></latexit>

@u⌦� 2/r ! MB [Kapec,Raclariu,Strominger ’16 ]




