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Abstract:

Whether quantum gravitational effects can be enhanced beyond the Planck scale is an important question for testing quantum
gravity. In this talk, | will present how the fluid/gravity correspondence provides insight into the enhancement of quantum
gravity fluctuations in a finite causal diamond. | will begin by reviewing the fluid/gravity correspondence in Rindler space. Based
on this setup, | will show a dual fluid description of shockwave geometry using the Petrov classification. Then, | will discuss
ongoing progress toward understanding connections with Carrollian fluids living on the boundary of causal diamonds. | will
conclude by clarifying the assumptions under which an observable scale could emerge.
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Observable quantum gravity effects

1. Whether QG effects can be enhanced beyond the Planck scale

Variance time T

Planck-suppressed scaling: SL* ~ lg

IR-enhanced scaling: SL2 ~ ZPL : Observable

E. Verlinde and K. M. Zurek (2019)

2. How to describe the QG effect

Modular fluctuations in AdS/CFT - E. Verlinde and K. M.,

Causal diamond

Gravitational memory effects - T. He, A.-M. Raclariu, K. M. Zurek (2305.14411) =N
(~ interferometer)

Covariant phase space - M. Bub, T. He, P. Mitra et. al. (2408.11094)

Fluid/gravity corregpondence - SEB, C. Keeler, Y. Zhang, K. M. Zurek (2403.18013)
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Outline

l. (Timelike) Rindler Fluid/Gravity in Shockwave Geometry
ll. Connection to (Null) Carrollian Fluids

lll. Assumptions for Observable Scaling
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Fluid/gravity correspondence

T. Damour (1979), K. S. Thorne, R. H. Price, and D. A. Macdonald (1986)
Membrane paradigm:

Einstein equations <« Fluid dynamics on (near-)black hole horizons

8. Bhattacharyya, V. E Hubeny, S. Minwalla, M. Rangamani (2007)
Holographic fluid/gravity correspondence:

Einstein equations <« Fluid dynamics on the AdS boundary

Horizon Boundary
l. Bredberg, C. Keeler, V. Lysov, and A. Strominger (2011), N. PinzaniiFokeeva, M. Taylor (2014)

Cutoff fluid/gravity correspondence:
Einstein equations <> Fluid dynamics on timelike cutoff surfaces
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Rindler fluid/gravity correspondence

|. Bredberg, C. Keeler, V. Lysov and A. Strominger (1101.2451), G. Compere, P. McFadden, K. Skenderis, and M. Taylor (1201.2678)

» Seed metric (by radial shift and boost)
P ~ Fluid velocity uﬁ\;
ds* = —2pu,dx®dr + [Yab — ap?® (r —1¢) UgUp | dz®dz’ Rindler horizon
_ . | - Pressure Y. atr=r,
* Hydrodynamic expansion
v~ OE), P~O(?), 8~0@), 8 ~0()

bifurcate —
surface

* Fluid metric

ds? = — (ar)dr? + 2drdr + 6;jdz'dz’

—9 (1 - 3) vydzidr — 2—2 dpidy

Po Qare

Ve o ] 2
- ) [(vz +2P) dr? + %daﬁdr’] + ( = ol ﬁ) drdr

ar. or,

+ O(€%)
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Rindler fluid/gravity correspondence

|. Bredberg, C. Keeler, V. Lysov and A. Strominger (1101.2451), G. Compere, P. McFadden, K. Skenderis, and M. Taylor (1201.2678)

» Brown-York stress tensor on X,

Extrinsic curvature Rindler horizon

(K'Yab - Kﬂb)

Tap = G

Induced metric

« Constraint components of Einstein equations at X : bifurcate —
surface

G VT, =0 <= 8%; =0 (ncompressibility)

T °*

G;: VT, =0 < 0,v; —r.0%;+0;P+ g}ﬁj v; = 0 (Navier-Stokes)
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Shockwave geometry

P. C. Aichelburg and R. U. Sexl (1971), T. Dray and G. 't Hooft (1983), E. Verlinde and K. M. Zurek (2022)

» Shockwave metric in Aichelburg-Sexl gauge: H,, ~ 6(u — uy)

ds? = —dudv + Hy,du® + 6;jdz'dz’.
 Einstein equations with a source Tuu ~ & (u — ug)
1 2
Guu = 8GN Tyu = _53 Hyy =87G N Tun

* Introduce light-rays

i
Xv :v—|—/ du' H,, (g’,a:)
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Connecting fluids and shocks via Petrov classification

Petrov (1954)
« In Newman-Penrose formalism: 10 dof. of Weyl tensors C,,,, by null tetrads k¥, I, m¥, m*

W) = C,,  Jmk’m®, ¥, = C,,, K m®, ¥, =C,,  J'm'itle, ¥y =C, S, ¥,=C,, Il

» Principal null directions: k, for ¥, =0

» Petrov classification: multiplicity of the principal null directions

Type | Type ll Type D Type N Type O

Multiplicity  (1,1,1,1) (2,1,1) 2,2 (4) =

No Weyl tensor

General — Algebraically special —
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Dual fluid description of shockwaves

SB, C. Keeler, Y. Zhang, K. Zurek (2403.18013)

» Petrov types of the shockwave and fluid geometry:

* Shockwave geometry. : type N
* Fluid-dual geometry : - typell (general fluids)

C. Keeler et. al. (2005.04242) = 'type D (cons‘tant_vorticity f|u|ds)
- type N (potential fluids v; = 0;¢ ) : breathing mode
« Algebraic speciality of type N: Only one degree of freedom
‘I’U=1pl=lpz=lp3=0, ‘P‘l#{)

* Relation between potential fluids and shockwaves:

r | 1 _
¢ = ‘feaTHuu ' 9 . _§a2Huu = 527;1;

Incompressiblity equation Einstein equation
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Quantum gravity enhancement

SB, C. Keeler, Y. Zhang, K. Zurek (2403.18013) T y
retche orizon
c

* 't Hooft commutation relations_

[P, (), X" (z')] = i6® (x, ') 't Hooft (1996)

* Photon round-trip time along the boundary of a causal diamond

Tioe =20 (without fluctuations)

T.i.. =2L+ AT (with fluctuations)

» Variance of the photon travel time

(AT?) = 2(X"(x) X" () ~ £, L

where L : Size of the causal diamonds (IR scale), ¢ p + Planck length (UV scale)
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Summary of Rindler fluids

SB, C. Keeler, Y. Zhang, K. Zurek (2403.18013)

» Using Petrov classification (type N):

Shockwave geometry <= Dual potential fluids

Shockwave equations of motion < Incompressibility equation

* Result:

Potential fluids (breathing modes) could lead to the observable scaling.
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Near-horizon geometry

L. Donnay and C. Marteau (1903.09654), V. Chandrasekaran E. E. Flanagan, |. Shehzad, A. J. Speranza (2109.11567)

* (In the previous section) Rindler surface: planar, timelike, infinite surface

ds? = — (ar)dr?® 4 2drdr + 6;;dz'da’
* Null Gaussian coordinates: for any smooth null hypersurface P T. Chrusciel (2018)

ds? = —2kpdv?® + 2dpdv + 20 4pdvdz® + (Qap + Aapp)dz?dz® + O(p?)

* Intrinsic property of the surface: Induced metric

dsgpi(‘zﬁ’” poa ) —  Qupdzda®

PO Qap + pAaB p—0
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Brown-York tensors at null boundary

L. Donnay and C. Marteau (1903.09654), V. Chandrasekaran E. E. Flanagan, |I. Shehzad, A. J. Speranza (2109.11567)

B g - 1
» Extrinsic property of the surface: Extrinsic curvature K;; = Eﬁna?’,j

¢ Null-limit Brown-York tensor:

dr
- divergent for n,dx“ = (1903.09654)
\ 2xr

- finite for il dx® =dr (2109.11567)
* Null Brown-York tensor:

Tt = # (Waj- - W) (2109.11567)
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Carrollian fluids in shockwave geometry

Ongoing work with C. Keeler, K. M. Zurek

* Area operator in the near-horizon geometry M. W.Bub, T. He, P. Mitra, Y. Zhang, K. M. Zurek (2408.11094)
L. Ciambelli, T. He, K. M. Zurek (2504.12282, 2512.09018)

ds? = —2kr du® + 2 du dr + ®(u,r)? dQ2

* Dynamical equation: consistent with the Raychaudhuri equation

ViTp =0 < | Guv=- (82 ®o(U) — koBu®o(U))

(V)

« Question: Connection between finite and infinite-sized causal diamonds?
L. Ciambelli, L. Freidel, R. G. Leigh (2407.11132)
L. Ciambelli, T. He, K. M. Zurek (2512.09018]
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Causal diamonds in de Sitter space

2503.04886 (L. Aalsma, SB)
* Questions:

» The origin of IR enhancement in QG

* Gauge invariance of the gravitational fluctuations

» Inflaton (scalar) fluctuations in de Sitter space:

ds® = —(1 +2¥)dr* + e?HT(l — 20)d7?, £ = —% <1

Bifurcation surface
: Killing vector becomes null

H: constant for exact-dS

V. F. Mukhanov (1985), A. V. Frolov and L. Kofman (2002)
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Proper length fluctuations in de Sitter space

2503.04886 (L. Aalsma, SB)

« Proper length of a photon trajectory along the boundary of a finite causal diamond (y = #, surface)

1 [o=
¢

2
= — dr = — (L4 mng (without fluctuations)
noH J,, noH (L+1h0)

¢ L+mn+ QL@) (with fluctuations)

:no—H(

* Variance of the fluctuations

, :
(%_C_) - 4\/@ 0 f;-H : IR-enhanced
] .
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Origin of QG enhancement

2503.04886 (L. Aalsma, SB)

* Radius gquantization

§L ~ L® (0L*) ~ L*(®*) ~ £2 : Standard scaling

E.qg. Gravitational waves [Carney-Karydas-Sivaramakrishnan (2409.03894)] ! «

. @ (a) Radius Quantization.
* Area quantization

AArea~ L?® 1 = (8L?) ~ L*/(®2) ~ £,L :Observable scaling
E.g. s-wave modes in our work

(b) Area Quantization.

17/18
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Summary & Outlook

1. Summary
» |IR-enhancement in Quantum Gravity: important for testing QG

» Breathing modes (s-wave modes), when quantized, result in the enhancement of quantum gravity
effects beyond the Planck scale.

2. Future directions
« Existence of s-wave modes in the vacuum of a theory of quantum gr%vity?
« Carrollian fluids (in progress with Cynthia Keeler and Kathryn Zurek) - L. Ciambelli, L. Freidel, R. G. Leigh (2407.11132)
* Edge modes - W. Donnelly, L. Freidel (1601.04744)

* Constraints on quantum gravity theories
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