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Can any of the phenomena characteristic of the quantum wave-

particle duality be observed in a non quantum system?

We were drawn into investigating this question by the, almost 

accidental,  finding of a wave-particle association at macroscopic 

scale.



Introduction

A massive particle driven by the wave it generates

The bouncing droplet and its coupling to surface waves. 

Part I : Walking straight

The wave-field structure and its ñpath-memoryò: a non locality in time.

Part II: Walking in circles
The orbits of walkers when submitted to a transverse force

Part III : Walking when confined
(a) In corrals

(b) Through slits (diffraction and interference) 

(c) By a single barrier: a tunnel effect of a kind

Discussion
The relation to de Broglieôs pilot waves

Trajectories and probability of visit



The basic experimental set-up

Silicon oil of viscosity 

m= 50 10-3 Pa.s 

 

Vertical acceleration

g=gmcoswt()
with   w2p=80 Hz 

and     0 <  gm<  5

There is always an air film between the 

drop and the substrate

The drop can bounce for days!





Part I

An experiment where a particle is driven 

by the wave it generates

CouderY., Protière S., Fort E. & BoudaoudA., Nature 437, 208. (2005)

Protière S., BoudaoudA. & Couder Y. J. Fluid Mech. 554, 85-108, (2006)



Phase diagram of the different types of bouncing 

(form=50 10-3 Pa s   and w/2p=80 Hz)

as a function of the droplet size and the amplitude of the forcing

Faraday Instability

threshold

Bouncing threshold

ÅB : simple bouncing at the 

forcing frequency

ÅPDB : Period doubling

ÅPDC: Temporal chaos

ÅW : ñwalkersñ

ÅF :  Faraday instability



The Faraday instability of a vertically vibrated liquid surface 

When

the surface becomes covered 

with standing waves of frequency w/2

In the present experiment 

 

g=gmcoswt()

 

gm²gm
Far

Vertical oscillations 

 

w2p=80Hz and    gm
Far=4.5g



The Faraday instability  results from the parametric forcing of the surface waves
cf e.g. Stéphane Douady, Thesis(1989)

Analogous to the parametric forcing 

of a rigid pendulum
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2 1+2ecoswt( )=0

The motion is given by Mathieuôs equation:

and its frequency is half that of the forcing



Phase diagram of the different types of bouncing 

(form=50 10-3 Pa s   and w/2p=80 Hz)

as a function of the droplet size and the amplitude of the forcing

Faraday Instability

threshold

Bouncing threshold

ÅB : simple bouncing at the 

forcing frequency

ÅPDB : Period doubling

ÅPDC: Temporal chaos

ÅW : ñwalkersñ

ÅF :  Faraday instability



The dropôs bouncing: (for 0.6 < D < 1.1mm)
Spatio-temporal diagrams of the vertical motion 

gm=1.5g

Bouncing at the 

forcing frequency

gm= 3g

Period doubling

gm= 4g

no chaos and 
complete period 
doubling

Time



Near the Faraday instability onset, the droplets become local sources of Faraday 
waves,  correlatively they become ñwalkersò

There is a simple model of the walking bifurcation

Onset of bouncing



Part I (b) 

A simple model of the walking bifurcation

(Arezki Boudaoud)

Protière S., BoudaoudA. & CouderY. J. Fluid Mech. 554, 85-108, (2006)



How can the coupling to waves generate a bifurcation to walking?



The first model for the walking transition 

(Arezki Boudaoud)
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Newtonôs equation, the fast vertical motion being averaged over one period

- m ~ 10-6 kg mass of the droplet

- Fb effective force due to the bouncing on an inclined surface
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- f v : damping due to the shearing of the air film



The ñwalkingñ bifurcation
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b( )/Fb

Seeking steady solutions 
(and in the limit of small velocities)

 

mÝ Ý x =Fb sin
2pÝ x 

VF
j

å 

ç 
æ 

õ 

÷ 
ö -f vÝ x 

 

f v Ý x =Fb 2pÝ x 

VF
j
-

1

6

2pÝ x 

VF
j

å 

ç 
æ 

õ 

÷ 
ö 

3è 

ê 

é 
é 

ø 

ú 

ù 
ù 

for small values ofFb the only solution is Ý x =0

 

Above a threshold, the motionless solution becomes unstable

And two self propagative solutions of opposite velocities appear.



The computed and observed bifurcation

A more complete model based on  the same principle has been developed recently by Jan 

Molacek and John Bush



Part I (c)

The energy balance : the steady regimes of a dissipative 

structure



The energy balance 

The system is dissipative : viscous friction damps the droplet motion and the 

wave  

However steady regimes are obtained because energy is provided by the forcing 

to both the droplet and the wave.

- The droplet is kicked up at each of its collision with the interface.

( similar to the escapement mechanism of mechanical clocks)

- The wave being a Faraday wave is almost sustained by parametric 

forcing

(in the vicinity of the instability threshold).

The main limitation of this experiment is that the forcing imposes a fixed 

frequency: the energy is fixed



A walker is formed of: 

- A spread-out and continuous wave

- A discrete and localized droplet 

How can they have a common dynamics?

I Walking straight

II Walking in circles

III Walking when confined



Part I

Walking straight

The wave field structure and its ñpath-memoryò, 

A. Eddi, E. Sultan, J. Moukhtar, E. Fort, M. Rossi, and Y. Couder, J. 

Fluid Mech., 674, 433- 464, (2011).



Evolution of the wave field as a 

function of the distance to the 

Faraday instability threshold

 

G=gm
F-gm( )/gm

F

Gthe non-dimensional distance to threshold tends to zero

A detail of the phase diagram



The measured wave field

Obtained by an adaptation of a particle image velocimetry technique (PIV) to 

measure the shape of the interface, a technique due to

Frédéric Moisy and Marc Rabaud (FAST Orsay)



The interface is disturbed by the repeated impacts of the droplet

What type of wave is generated by one single collision?





(a 1 mm  steel ball dropped in the 

bath)

Without periodic 

forcing

With a periodic forcing near 

the Faraday instability 

threshold

The wave-field produced 

by one single collision

t=10 ms

t=300 ms

 

t́ gm-gm
F -1

The Faraday waves decay 

with a characteristic time:



Without periodic forcing

With a periodic forcing near the 

Faraday instability threshold

Conclusion: near the Faraday threshold, a point which has been disturbed 

remains the centre of a localized state of almost sustained Faraday waves 

Spatio-temporal evolution of 

the radial profile of the wave 

emitted by one bounce



The numerical model of walkers 

(Emmanuel Fort)



The numerical model of walkers 

(Emmanuel Fort)

A/    Motion of the droplet :

(1) Take-off and landing times are 

determined by the forcing 

oscillations only.

(2) The walk result from successive 

displacements drn due to the 

kicks. The direction and 

modulus of drn are determined 

by the surface slope at the point 

of landing.

(3) This slope results of the 

interfering waves due to the 

previous bounces

1) At each bounce, a circular localized mode of 

Faraday waves is generated.

(2) The points of the surface visited by the droplet 

in the past remain the centres of such a 

localized mode.

(3) The wave field results from the superposition 

of all these waves, and thus contains a 

memory of the path followed by the droplet 

B/ Computation of the wave-field



B/  The computation of the wave-field
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tp=ti -(i-p)TFr p position of the droplet at time

the damping time is related to the distance to Faraday instability onset: 

 

t́ gm-gm
F -1



First resultsof the numerical simulation

(1) Thewalkingbifurcationis recovered

(2) A realistic structureof the wave field is obtainedfor a rectilinearly

movingwalker

The measured field Its simulation

The structure of the wave field exhibits Fresnel interference fringes



In the limit of weak decay times: 
Fresnel fringes

Fresnel diffraction behind an edge
(simulation John Talbot 1997)



The wave field structure of a walker is dominated by a ñpath memoryò effect

- At eachbounce,a circular localizedmodeof standingwavesis generated

- The Faraday instability is a super critical bifurcation : below its threshold a

perturbationis dampedon a typical time :

 

t́ gm-gm
F -1

 

M=t/TF

M=5 M=10 M=40

- A memoryparametercanbedefinedas:

- M is thenumberof bouncesthat contributeto the wavefield





Part II

Walking in circles

Orbiting due to an external force

E. Fort, A. Eddi, A. Boudaoud, J. Moukhtar, and Y. Couder, 

PNAS, 107, 17515-17520, (2010)



How to obtain circular trajectories?

Use either a magnetic field or a rotating system, 

(an analogy used by Michael Berry 

to obtain a fluid mechanics analog of the Aharonov-Bohm effect) 

In a magnetic field   B

Orbital motion

On a surface rotating with angular velocity 

W

Orbital motion in the rotating frame

Larmor angular velocity     Orbital motion angular velocity

Orbit radius Orbit radius 

 

F =q V ØB ( )

 

F c=-2m V ØW ( )

 

2W

 

wL=qB/m

 

rL=V /wL

 

R=V /2W



The rotating Faraday experiment



Measured trajectories

Trajectory in the laboratory 

frame of reference

Trajectory in the rotating

frame of reference



Classical radius of the orbits

The ñclassicalñ radius of the orbit 

observed in the rotating frame and 

due to Coriolis effect should be: 

R=V/2W
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Measured radius of the orbits 

for walkers with weak path memory

(far from the Faraday threshold)

The radius of the orbit observed in 

the rotating frame has a ñclassicalñ 

dependence, but slightly shifted

R=a (V/2W)

With

 

aº1.3
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Measured radius of the orbits of walkers having long term 

path memory (near the Faraday threshold)
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Near the Faraday instability 

threshold, the radius of the 

orbit evolves by discrete 

jumps when Wis increased



Dimensionless radius of the orbits

The radii of the orbits obtained at various 

frequencies and for walkers of various 

velocities are all rescaled by expressing:
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  as a function of the non-dimensionnal 
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The first two modes

dn
orb=3 lF

dn
orb=2 lF

dn
orb=lF


