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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 waveparticle association at macroscopic
scale.



Introduction

A massive particle driven by the wave it generates
The bouncing droplet and its coupling to surface waves.

Part | : Walking straight
Thewavef i el d struct umeenoaryad :i tas nioma tl o ¢

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

Part Il : 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 Broglieds pil ot
Trajectories and probability of visit



The basic experimental setp
Experimental

—
cell

130x130x 6mm Vibration

exciter

Silicon oil of viscosity
m= 50 10° Pa.s

Vertical acceleratio
g=g, coswt)
with w/2p =80 Hz

and &k g<5

There is always an air film between the
drop and the substrate

The drop can bounce for days!






Part |
An experiment where a particle is driven
by the wave it generates

CouderY., Protiere S,, Fort E. & BoudaoudA., Nature 437, 208. (2005
Protiere S., BoudaoudA. & CouderY. J. Fluid Mech. 554, 85-108 (2009



Phase diagram of the different types of bouncing
(form=50 10°Pa s anav/ 289 Hz)

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

2B : simple bouncing at the
forcing frequency

A°DB : Period doubling
ADC: Temporal chaos
AV : fwal ker s

A : Faraday instability
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The Faraday instability of a vertically vibrated liquid surface

Vertical oscillations

9=g,coqum)

-
-
.
-
-
-
-

When g 2 ar
the surface becomes covered
with standing waves of frequencyw/2

In the present experiment

w?2p=80Hz and ¢g*=45¢g



The Faraday instability results from the parametric forcing of the surface wave:
cf e.g. Stéphane Douadihesis(1989)

A Analogous to the parametric forcing

Jﬁm of a rigid pendulum

The motion iIs given by Mat hi euos

'i—?+2f%+w§(1+26c09/u):0

and its frequency is half that of the forcing



Phase diagram of the different types of bouncing
(form=50 10°Pa s anav/ 289 Hz)

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

2B : simple bouncing at the
forcing frequency

A°DB : Period doubling
ADC: Temporal chaos
AV : fwal ker s

A : Faraday instability
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The dropdbs bouncing: (for O0.
Spatietemporal diagrams of the vertical motion

g,=1.59

Bouncing at the
forcing frequency

On= 39
Period doubling

On= 49
no chaos and

complete period
doubling




Near the Faraday instability onset, the droplets become local sources of Farad.
waves,correl atively they become nwal |
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There is a simple model of the walking bifurcation



Part | (b)

A simple model of the walking bifurcation
(Arezki Boudaoud)

Protiere 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)

Newt onds equation, the fast vertical
d?x dx dt8

m— = FPs; )¢ o- fYdxdt
de Vi

- m~ 10%kg mass of the droplet

- Fb effective force due to the bouncing on an inclined surface

a o)
FPo mg, 'A/\N#oo 10° N

, Vertical acceleration,
A/l slope of the surface
t duration of the collision

-fv: damping due to the shearing of the air film
£ Vo /Esa[' 0

b a?oo 16° N



The nwal ki ngn bi furcat

-~

. a ,
m¥= FP sinae—zp)\«g- VN
cMV =

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

fYy= FbgzL.’Y- 1%p ,(;g
gVt 6¢ Ué +{

for small values &F° the only solution =0

Above a thresholthe motionless solution becomes unstz
And two self propagative solutions of opposite velocities

v = (olze) € ey |
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The computed and observed bifurcation
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A more complete model based on the same principle has been developed recently by Jan

Molacek and John Bush
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Part | (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 spreadout and continuous wave

- A discrete and localized droplet
How can they have a common dynamics?

| Walking straight
Il Walking in circles

[l Walking when confined




Part |
Walking straight

The wave field stmeuntotruyroe, and

A. Eddi, E. Sultan, J. Moukhtar, E. Fort, M. Rossi, and Y. Couder, J.
Fluid Mech., 674, 433 464, 2011).



A detail of the phase diagram

Evolution of the wave field as a
function of the distance to the
Faraday instability threshold

Gthe non-dimensional distance to threshold tends to zero

G=(d.- 9.)d;




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
Fredéric 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?






The wavefield produced
by one single collision

(a 1 mm steel ball dropped in the
bath)

. . N

t=300 ms

The Faraday waves decay
with a characteristic time:

-1
Without periodic With a periodic forcing near - gi‘
forcing the Faraday instability
threshold




AT}

Spatio-temporal evolution of

the radial profile of the wave - —
emitted by one bounce L eeE e il

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



The numerical model of walkers
(Emmanuel Fort)



Al

(1)

(2)

(3)

The numerical model of walkers
(Emmanuel Fort)

Motion of the droplet :
Take-off and landing times are

determined by the forcing
oscillations only.

The walk result from successive
displacementsf  due to the
kicks. The direction and

modulus ofd, are determined 1) At each bounce, a circular localized mode of

B/ Computation of the wavefield

by the surface slope at the point Faraday waves is generated.
of landing.

| (2) The points of the surface visited by the drop
This slope results of the in the past remain the centres of such a
interfering waves due to the localized mode.

previous bounces

(3) The wave field results from the superpositic
of all these waves, and thus contains a
memory of the path followed by the droplet



B/ The computation of the wavefield

. € 2 ~ : 0 a &
g . A at -t O r-roplx  92pr-r) %
h(r,t)= Q ReS——— exp- aet—p(_jexp %TpSeXP'W + /85
SRS A

r, position of the dropletattime ~ tp =t~ (I~ P)Te

G- g

the damping time is related to the distance to Faraday instability orfset



First results of the numerical simulation

(1) Thewalking bifurcationis 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

-5 | e B > = ] i 1 1 L | L
-5 -4 -3 -2 -1 0 1 2 3 4 5

Fresnel diffraction behind an edge
(simulation John Talbot 1997)



- At eachbounce,a circular localizedmodeof standingwavess generated

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

t g i

The wave field structure of a wal ke

-Amemoryparametercanbedefinedas: M =¢#/T.

- M is the numberof bouncegshat contributeto the wavefield






Part Il
Walking in circles

Orbiting due to an external force

E. Fort, A. Eddi, A. Boudaoud, J. Moukhtar, and Y. Couder,
PNAS,107, 17515817520, (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 AharciBmhm effect)

In a magnetic field B

F :q@QEJ

Orbital motion

On a surface rotating with angular velocity,

F.=- 2m67 QW}

Orbital motion in the rotating frame

Larmor angulemvglg«gwn

ro=\1w_

Orbital motion a%ﬁ\ar velocity

R=V/2A\

Orbit radius

Orbit radius




The rotating Faraday experiment




-2}

Measured trajectories

y(mm)

X(mm)

Trajectory in the laboratory
frame of reference

y(mm)

-2f

Trajectory in the rotating
frame of reference




Classical radius of the orbits

14 .
The ﬁclassicaIﬁR(nﬁmgdiius o f t he or bi f
observed in the rotating frame and 12}

due to Coriolis effect should be:
10

R=V/2W




Measured radius of the orbits
for walkers with weak path memory
(far from the Faraday threshold)

a

Acl assi calf

15,

The radius of the orbit observed inR(mm)E

the rotating frame|
dependencdyut slightly shifted

10}

R=a (V/2W) |
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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
thresholdthe radius of the

orbit evolves by discrete 51
jumps when/Ms increased




Dimensionless radius of the orbits

3 I I ¢
The radii of the orbits obtained at variouR/ el T
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The first two modes

dnorb:3 / .

dnorb:2 / . dnorb: / .



