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MIMICKING QUANTUM FIELD THEORY IN CURVED SPACETIMES  
WITH CLASSICAL OPEN WATER CHANNEL FLOWS

Avenues of Quantum Field Theory In Curved Spacetime 2025, 
22-24/01/2025 Tours (France)

Germain Rousseaux (CNRS), 
Institut Pprime, Futuroscope, France
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Utagawa Hiroshige (1797-1858) 
The Whirlpools in Naruto Strait, Awa Province (1857).





S. L. Braunstein, M. Faizal, L. M. Krauss, F. Marino, and N.A. Shah, Analogue simulations of quantum gravity with fluids, 
 Nature Reviews Physics, 5 (10), p. 612-622 (2023).

Analogue Simulations of Quantum Gravity with Fluids



A Hydraulic Black Hole in the Morbihan Gulf (France)

Gois of Berder Island in Britanny, rising tide : « Pascalian » black hole by water depths mismatch.



2D Hydraulic Black Hole

Transcritical accelerating  
non-dispersive waterfall

big tidal range 
big upstream  
water depth 

flood tide



2D Hydraulic Black Hole and White Fountain 

Transcritical accelerating  
non-dispersive waterfall followed  

by a transcritical decelerating  
dispersive undulation 

small tidal range 
small upstream  

water depth 
flood tide



2D Hydraulic White Fountain in the Morbihan Gulf (France)



1D Black Hole, White Fountain and Wormhole in General Relativity
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``The author… makes use of the 
mathematical analogies of the 

two problems to assist the 
imagination in the study of both.’’ 

J. Clerk Maxwell (1861).
``The undiscovered country 

from whose bourn 
No traveller returns, 

puzzles the will.’’ 
Hamlet,  

W. Shakespeare (1603).



Hypotheses and experimental conditions: 
• flow conservation 
• Uupstream=Q/(Wh) 
• No downstream condition (door open) 
• No initial water level imposed 
• Inter-obstacle distance set at 9.2 cm (arbitrary) 
• Neglected boundary layer

Channel characteristics: 
• Length: L=2.5 m 
• Wide: W=5.3 cm 
• Range of the flow rate: 2 to 38 L/min 
• Range of the flow rate: 0.0006 to 0.0115 m²/s

Downstream gate

Pump

Flow inlet
Typical type of asymmetric geometry used: 
Length: 32.2 cm  
Maximum heigth: 2.1 cm

Sluice  
gate

The Mini Open Water Channel
Nice Geometry by  

Rousseaux et al. (2010)
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No downstream 
gate

Transcritical  
BH Flow

Subcritical  
WH Flow



By courtesy of 
Eric Lamballais 

for the lending of  
the pedagogical 
open channel

Small open channel features: 
• Length : L=2,5 m 
• Width : w=5,4 cm 
• Flow rate range in L/min: 2-38 
• Flow rate range in m²/s: 0.0006-0.0115

Analogue Black Hole Flows
<latexit sha1_base64="p3LlQEm65pkVt3dX8wRQY/uqsCU="></latexit>
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There is NO initial  
water depth !

There is an initial  
water depth !
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Alexis Bossard,  
Ongoing PhD Thesis 2022-2025 

(Unpublished)



Space-Time Diagrams of a Black Hole
A Black Hole in Spacetime A Dumb Hole in a De Laval Nozzle

Courtesy Renaud Parentani (Pour La Science, 2002).
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White	Horizon

Spacetime	diagramWater	interface	recording

Space-Time Diagrams of a White Fountain=Cataract

Courtesy Jaro Fransen from his Master Thesis at Eindhoven University of Technology  (2024).
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Black	Horizon

Spacetime	diagramWater	interface	recording

Space-Time Diagrams of a Black Hole=Waterfall

After Jaro Fransen from his Master Thesis at Eindhoven University of Technology  (2024).
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The Circular Jump as a 2D Hydraulic White Fountain
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The Right Connexion: merging a pair of NR-BH and WH singularities
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Folding the Penrose Diagram to Connect Past and Future Singularities of a NR-BH/WH pair

Interior of BH

Interior of WH

Exterior of BH 
= 

Exterior of WH

Exterior of BH 
= 

Exterior of WH

Interior of BH

Interior of WH

Merged BH and WH Singularities

No Transverse Einstein-Rosen Bridge

No Transverse Einstein-Rosen Bridge

Step2: exteriors connexion

Step 1: singularities connexion

Wormhole Region

Wormhole Region
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A Bediere with its Waterfall and related Cataract in Bråsvellbreen, Svalbard (Norway)
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The Acoustic Metric (Richard White, 1973)

Geometrical  
Acoustics

Wave Mechanics

No dispersion
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c =
√

gh

kh << 1
«  For the Einsteinians, the 
ds2 has a mystical and 
u n iversa l s ign if ica nce , 
constraining all phenomena 
to fit themselves in the mold 
of a sort of space-time 
form, like water in a vase. » 

Paul Painlevé. 
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Paul Langevin, Albert Einstein, Anna Comtesse de Noailles (Chroniqueuse pour Vogue), Paul Painlevé (PM)

Thomas Barclay, Leo Strisower, Paul Appell, Emile Borel, and Henri Lichtenberger



« Painlevé wrote to Einstein to introduce his solution and invited 
Einstein to Paris for a debate. In Einstein's reply letter (December 7), 

he apologized for not being in a position to visit soon and explained 
why he was not pleased with Painlevé's arguments, emphasising that 
the coordinates themselves have no meaning. Finally, Einstein came 

to Paris in early April. On the 5th of April 1922, in a debate at the 
"Collège de France" with Painlevé, Becquerel, Brillouin, Cartan, De 

Donder, Hadamard, Langevin and Nordmann on "the infinite 
potentials", Einstein, baffled by the non quadratic cross term in the 

line element, rejected the Painlevé solution. » J. Fric

« The "trick" of the Painlevé proposal was 
that he no longer stuck to a full quadratic 
(static) form but instead, allowed a cross 

time-space product making the metric 
form no longer static but stationary and no 

longer direction symmetric but 
preferentially oriented. » J. Fric

Paul Painlevé, La mécanique classique et la théorie de la relativité, C. R. Acad. Sci. (Paris) 173, p. 677–680 (1921). 
Allvar Gullstrand, Allgemeine Lösung des statischen Einkörperproblems in der Einsteinschen Gravitationstheorie,  

Arkiv för Matematik, Astronomi och Fysik, 16 (8), p. 1–15 (1922). 
https://astromontgeron.fr/Painleve-article-english.pdf

Schwarzschild-Droste versus Painlevé-Gullstrand Space-times

P-G metric=acoustic metric in AG

https://astromontgeron.fr/Painleve-article-english.pdf
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Back-Scattering versus Hawking Process (without dispersion)
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Plunge into a Hydraulic Black Hole

 Extra-scattering  
due to c(x)=√ gh(x)

NO SURFACE TENSION
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Courtesy Nicolas Pavloff

Numerical Transmission(s) and Back-Scattering
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Sending Sinusoidal Waves into a  Hydraulic Black Hole

L.-P. Euvé, S. Robertson, N. James, A. Fabbri and G. Rousseaux, Scattering of co-current surface waves on  
an analogue black hole,  Physical Review Letters, Volume 124, Issue 14, 141101 (2020).
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Probing a Draining Hydraulic Analogue Black Hole

L.-P. Euvé, S. Robertson, N. James, A. Fabbri and G. Rousseaux, 
Scattering of co-current surface waves on an analogue black hole,  
Physical Review Letters, Volume 124, Issue 14, 141101 (2020).

c(x)=√ gh(x) induces an extra scattering of co-
propagating modes into counter-propagating 

modes by an effective potential 
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Linearity Check  
Frequency  
conserved

Double  
Interferences Spaghettification 

 wavenumber kT  
smaller than kI 

Space-time 
diagram

Black Hole Horizon

Negative 
Energy 
Waves

Grey-body 
factor

Fr =
v

c
> 1
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Gravito-capillary Waves and Landau Speed (23cm/s)
ω = Ω(k) = Uk ±

√(
gk +

γ

ρ
k3

)
tanh(kh)

=> Existence of Speed thresholds 
for the Appearance of PEW/ 

NEW and of a Zero Frequency 
Mode or Undulation for an 

Analogue Dispersive White Hole

kC

Dispersive White  
Hole Horizon

Dispersive Blue HorizonDispersive Negative Horizon

Germain Rousseaux, Christian Mathis, Philippe Maïssa, Pierre Coullet, Thomas Philbin and Ulf Leonhardt,  
Horizon effects with surface waves on moving water, New J. Phys., 12, 095018 (2010).

W. G. Unruh, Dumb holes: 
analogues for black holes, Phil. 

Trans. R. Soc. A, 366, 
2905-2913 (2008).

! ! 0
<latexit sha1_base64="ZsQWpbPrPmkjGW8JOyhhdMF14Yo="></latexit>
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1D Wake

kI , kB , kN , kR, kC , kNC
<latexit sha1_base64="ClbJGhcTnxS+Bk0ms++k42Fev3Y="></latexit>

Zero Mode
Undulation

2 dispersive scales: 
- water depth 
- capillary length

Vancouver  
Obstacle



Hawking Radiation of a Dispersive White Hole in Hydrodynamics
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The pair of PEW/
NEW is on the same 
side of  the dispersive 

white hole horizon 
because of the sub-

luminal dispersive 
correction

NO SURFACE TENSION
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Linear and Non-linear Hawking Radiation
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hd = 23.3cm

Wave Blocking and Modes Conversion / Large Capillary Dissipation



f=0.4Hz 
a=0.15mm

Current Direction Waves Direction

Euvé et al., Observation of noise correlated by the Hawking effect in a water tank, Physical Review Letters, Volume 117, Issue 12, 121301 (2016).
I!

<latexit sha1_base64="0NrG9pORleTn0uHCbZNM3Qa1SWw="></latexit>

B!
<latexit sha1_base64="2XUwP340EzAYEsLZPFpYYMw9N84="></latexit>

N!
<latexit sha1_base64="zkIdLPjhjX4OQbCrrK80BmbE+/8="></latexit>

I! +B! +N!
<latexit sha1_base64="TCvAcX8/lCtSzi/KwzBFlKKuZrs="></latexit>

34

Orsay2 Obstacle

Undulation :  
U>23cm/s

Classical 
Zitterbewegung 

à la Schroedinger 
(an interference  
between PEW 

and NEW)



There is no escape from a hydraulic fall in classical theory, but microscopic theory enables energy and information to escape. 
There is no entering into a hydraulic cascade in classical theory, but microscopic theory enables energy and information to enter.35

Beware of the 
Dissipation  of  

the``Microscopic’’ 
Modes!

“There is no escape from a 
black hole in classical 

theory, but quantum theory 
enables energy and 

information to escape.” 
Stephen Hawking (2014)

WITH SURFACE TENSION
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Dispersive Effect on Hawking Radiation at a White Fountain Horizon

Alexis Bossard, PhD Thesis 2024 (Unpublished) and 
A. Bossard, N. James, V. Jules, J. Fourdrinoy, S. Robertson and G. Rousseaux,  

On the art of designing effective space-times with free surface flows in Analogue Gravity,  
Comptes Rendus. Physique, 25(G1), p. 457-511 (2024).

The capillary length plays the role of a microscopic scale akin to the Planck scale  
underlying an internal structure of a quantum-gravity like space.

Hawking radiation reaches  
the asymptotic observer

Hawking radiation 
does not reach  
the asymptotic 

observer
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Scale Effect on Hawking Radiation at a White Horizon

The scale of the experiments (here of the obstacle) selects the behavior of the waves which then 
differs in the presence of surface tension for the same Froude number: (Left) bmax=7mm, flow rate per 

unit width q=0.0058m2/s; (Right) bmax=1cm; flow rate per unit width q=0.0098m2/s.
Alexis Bossard, PhD Thesis 2024 (Unpublished)

Hawking radiation reaches  
the asymptotic observer

Hawking radiation 
does not reach  
the asymptotic 

observer



Orsay 1 Obstacle designed by Florent Michel and Renaud Parentani from LPT Orsay.
a = 0.2cmT = 0.667sQ = 9l/s hd = 15.7cm

Experimental Mode Conversions at Dispersive White/Blue Horizon

Depression	:	U>23cm/sFlat	:	U<23cm/s
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Hawking radiation 
does not reach  
the asymptotic 

observer



Killing Hawking Radiation of a White Fountain at a Dispersive Blue Horizon

Hawking radiation 
does not reach  
the asymptotic 

observer



- Dynamical Height : 12.1cm 
- Flow Rate : 1.58l/s (2.1Hz)  
- hmin : 1.1cm (Depression=1cm) 
- Fmax : 1.12 (Transcritical flow)

Regime                    Vancouver New Regime 
Fmax (based on hmin)    0.69           1.12 
Fmin (based on hmax)    0.16           0.03

A Transcritical Flow with the Landau Threshold : Testing the Robustness of Stimulated HR

Léo-Paul Euvé, Master Thesis 2014 (Unpublished)

fi =0.20Hz ; am= 1mm

Filters 
- Temporal : f=0.20Hz  
- Blue Peak (alpha) : k=[50 :200] m-1  
- Negative Peak (beta) : k=[-200 :-50] m-1  
- Incoming Peak (I) : k=[-10 :50] m-1 

Hawking 
radiation does 

not reach  
the asymptotic 

observer



Fluidic Interstellar Travel ?



Direct Interstellar Travel in Nature



Direct Interstellar Travel à la Hollywood

From Robert Zemeckis’ Contact Movie (1997), after Carl Sagan’s novel Contact (1985).



Direct Interstellar Travel in the Fluidic Lab

Le blob l’extra média, Video magazine, An edition of the Cité des sciences et de l’industrie and the Palais de la découverte. : Hydraulic black hole. 
An episode of the series "Lab black holes ». Directed by: Hugo Cayla, in collaboration with Photons Jumeaux. 

Production: Universcience, 7 Points Productions. Duration: 8min11. March 2024. 
https://leblob.fr/videos/trou-noir-hydraulique https://leblob.fr/series/trous-noirs-de-labo-0 

https://leblob.fr/videos/trou-noir-hydraulique
https://leblob.fr/series/trous-noirs-de-labo-0


Transplanckian Physics Ruled by the Capillary Length

Vancouver Obstacle
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kI ! kB ! kC
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T = 0.444s

Return Interstellar Travel
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Removing Dissipation

“There is no escape from a black hole in 
classical theory, but quantum theory enables 

energy and information to escape.” 
Stephen Hawking (2014)

Current Direction Waves Direction
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Vancouver Obstacle

kI ! kB ! kC
<latexit sha1_base64="J40zK4NLO17XM08aXwQ6XkK7Zps="></latexit>

L.-P. Euvé and G. Rousseaux, Classical analogue of an interstellar travel through a hydrodynamic wormhole, PRD, 96 (6), 064042 (2017).

Victor Vasarely, 
Kek-Eg-II 

(1975)
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To what extent is the Hawking radiation dependent on the details of the short 
distance structure of quantum gravity ?

Blue-Shifting versus Red-Shifting

Current Direction Waves Direction

L.-P. Euvé and G. Rousseaux, Classical analogue of an interstellar travel through a hydrodynamic wormhole, PRD, 96 (6), 064042 (2017).



Avenues of Quantum Field Theory In Curved Spacetime

The dispersive scales (water depth, capillary length, mean free path) in Hydrodynamics play the 
role of a Planck scale (akin to QG microstructure): 

- dispersion (undulation+superluminal behavior) can appear => Lorenz Invariance Breaking 
- dissipation (internal degrees of liberty: viscosity, turbulence) can appear 
- time-dependence (wave breaking, turbulence, shocks, burst of waves) can appear 
- non-linearity (harmonics) can appear 
- Hawking radiation may not reach the asymptotic observer (damped by dissipation, localized 

by harmonics generation, blocked by a dispersive blue group velocity horizon) 
- white fountains can be stabilized by dispersion, dissipation and non-linearity 
- one can escape from Hydraulic Black Hole/one can enter into Hydraulic White Fountain 
- central singularity does not exist and are replaced by classical sometimes time-dependent 

solutions

``Extraordinary claims require extraordinary evidence’’ Carl Sagan
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A Hydraulic Black Hole without a Central Singularity
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A Hydraulic Black Hole with a (Classical and Time-dependent) Central Singularity
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Redshifting from Capillary Waves
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Using Turbulence to Modulate in Time the Capillary Undulation



67https://nedkahn.com/portfolio/rain-oculus

Experimentally Connected Past and Future Singularities of a R-BH



C. Heinicke & F. W. Friedrich, Schwarzschild and Kerr solutions of Einstein’s field equation: An introduction, in ``One Hundred Years of General 
Relativity: From Genesis and Empirical Foundations to Gravitational Waves", Cosmology and Quantum Gravity, p. 109-185 (2017).

Velocities in Different Coordinates Systems



71
Courtesy Jacques Fric and Michel Mizony

Stationary (∂t=0) But Not Static (t=>-t)



We can obtain the analytical 
solutions of the different hydraulic 
regimes

G. Lawrence, S. Weinfurtner, E. Tedford, M. Penrice, W. Unruh, “Waves and currents: Hawking radiation in the hydraulics laboratory?, 
Chapter 6”, Environmental Fluid Mechanics, Memorial Volume in honour of Prof. Gerhard H. Jirka (Taylor and Francis, 2012).

Analogue Gravity Framework for Interfacial Hydrodynamics

Non-dispersive description of the flow over an obstacle
72
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The flow over a weir (a bottom obstacle) in a water channel is certainly one of 
the oldest problems in fluid mechanics that dates back to the babylonians 

suspended gardens and the desert inhabitants that wanted to collect water in 
oases with irrigation canals featuring spillways to control the water level at 

constant flow rate of the fluid put into motion by the driving force of gravity.

When comparing inertia to gravity, one usually introduces a dimensionless 
number known as the Froude number which can be seen as the ratio of 

kinetic to potential gravitational energy or as the ratio between the current 
speed and the wave speed of long gravity and non-dispersive waves.
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Fr < 1
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Fr > 1

Two regimes appear:

Subcritical flow

Supercritical flow
separated by a critical point for which the Froude number is unity.

Inertia versus Gravity in an Open Water Flow
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kh << 1
There is an obvious 

analogy with the Mach 
number in Aerodynamics
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In presence of a bottom obstacle, the 
subcritical regime implies a depression 

on the top of the obstacle

Adding a Bottom Obstacle in an Open Water Flow

In presence of a bottom obstacle, the 
supercritical regime implies a bump on 

the top of the obstacle

A third regime named transcritical is 
observed experimentally with a 

corresponding waterfall

Let us introduce the obstruction parameter r which is the ratio between 
the maximum height of the obstacle bmax to the upstream water depth hup.

Conservation of the flow rate and Bernoulli equation leads to a 
relationship between the upstream Froude number and the 

obstruction factor due to Long in 1954.
R. R. Long, Some aspects of the flow of stratified fluids: II. Experiments with a two-fluid system, Tellus 6 (2), p. 97-115 (1954).74



Water depth at the 
critical transition:

Upstream/downstream condition for a transcritical regime (Bossard et al., 2024)

Analytical solutions for 
different hydraulic regimes

The 1954 Long Hydraulic Transcritical Boundaries

Subcritical regime

Supercritical 
regime

Transcritical regime
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Subluminal Dispersive Corrections (gravito-capillary waves in intermediate waters)

h=5cm 
kmax<kcapillary



-400 -200 200 400 kx Hm-1L

-40

-20

20

40
w Hs-1L Increasing  

mode number 
p

k =
q

k2x + k2y

ky =
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Dispersion Relation of Water Waves in Presence of  
a Plug-like Uniform Current with Turbulent Fluctuations 

(including transverse modes but not surface tension effect)

Master Thesis of Pierre-Jean Faltot, Poitiers Université (2013)77

sign(vBg ) = �sign(vB� )
<latexit sha1_base64="JWBeUQqVbY+4Jd8AMTaR0nuOZzE="></latexit>

The Blue-Shifted Modes (Hawking radiation  
when amplified)  are such that their  

Phase Speed is Opposite to their Group Speed 
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Theoretical Correlation Map for Deep Gravity Waves

Observation of noise correlated by the Hawking effect in a water tank. 
Léo-Paul Euvé, Florent Michel, Renaud Parentani, Thomas Philbin and Germain Rousseaux. 

Physical Review Letters, Volume 117, Issue 12, 121301, September 2016.
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=> Spontaneous and Stimulated Mode Conversion With 
Correlations Between Modes

Non-blocking cases Blocking cases

Experimental Correlations

Incident Wave:  
Amplitude: A~0.2 𝑚𝑚  
Wavelength: 𝜆~1 𝑚  
Camber: 𝐴/𝜆<3×10−4  
Converted Modes: 
Amplitude: A~1 𝑚𝑚  
Wavelength: 𝜆~0.1 𝑚  
Camber: 𝐴/𝜆<1×10−2 



Scattering Coefficients in the Linear Regime

Euvé et al., Observation of noise correlated by the Hawking effect in a water tank, Physical Review Letters, Volume 117, Issue 12, 121301 (2016).

Poitiers Regime (Linear and No Landau Threshold) with Orsay 2 obstacle  
designed by Florent Michel and Renaud Parentani






