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Abstract: It is usually assumed that the quantum wave-particle duality can have no counterpart in classical physics. We were driven into re
this question when we found that a droplet bouncing on a vibrated bath could couple to the surface wave it excites. It thus becomes a self-p
&quot;walker&quot;, a symbiotic object formed by the droplet and its associated wave.

Through several experiments, we addressed one central question. How can a continuous and spatially extended wave have a common dyna
a localized and discrete droplet? Surprisingly, quantum-like behaviors emerge; both a form of uncertainty and a form of quantization are ob
This is interesting because the probabilistic aspects of quantum mechanics are often said to be intrinsic and to have no possible relat
underlying unresolved dynamical phenomena. In our experiment we find probabilistic behaviors and they do have a relation with chaotic indi
trajectories. These quantum like properties are related in our system to the non-locality of a walker that we called its &quot;wave mediate
memory&quot;. The relation of this experiment with the pilot wave model proposed for quantum mechanics by de Broglie will be discussed.
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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.
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Introduction

A massive particle driven by the wave it generates

I'he bouncing droplet and its coupling to surface waves.

Yart I : Walking straight

i

'he wave-field structure and 1ts “path-memory’": a non locality 11

Part II: Walking in circles

T1 it fF walkoere whe cnnhmitte 1 a tre voree force
I'he orbits of walkers when submitted to a transverse force

Yart 111 : Walking when confined
(a) In corrals
(b) Through slits (diffraction and interference)

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

Discussion
'he relation to de Broglie's pilot waves

Trajectories and probability of visit
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The basic experimental set-up

3 i

Experimental Ll

cell

130x130x 6mm Vibration

exciter

Silicon oil of viscosity

w=50 10~ Pa.s

i

Vertical acceleration
There is always an air film between the

Y=y COslm!
b o] drop and the substrate

with ®/2x =80 Hz

and 0 <y, <35
The drop can bounce for days!
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W QuickTime Player Fichier  [dition  Prédentation Fendtre  Aide . kA mer, 2020 O
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Phase diagram of the different types of bouncing
(for u=50 10" Pas and w/2n=80 Hz)

as a function of the droplet size and the amplitude of the forcing
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*PDB : Period doubling | A b {
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The Faraday instability of a vertically vibrated liquid surface

-
-
—
L
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L
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Vertical oscillations

‘AR EE BE W
'BE BE BE B

AR AR AE BE W
- -

r

Y=Y, cos(m I)

Far

he / >
“ l"‘" 'J m o /m
the surface becomes covered
with standing waves of frequency w/2

In the present experiment

w/2r=80Hz and y' " =45¢g
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Fhe Faraday instability results Jromine parameltric jorcing oj [he '\is)fﬁdﬂ waves

Fiu

cf e.g. Stéphane Douady, Thesis (1989)

Analogous to the parametric forcing

of a rigid pendulum

The motion is given by Mathieu’s equation:

- -

Jda da .
=kl = +w(,(|+2a-‘cosmr)=()

/. ot

and its frequency is half that of the forcing
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The drop’s bouncing: (for 0.6 < D < |.Ilmm)
Spatio-temporal diagrams of the vertical motion

=].5g

LY
I

Bouncing at the

forcing frequency

™
T
m -

Period doubling

Y= 48

no chaos and
complete period
doubling

Time
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Part I (b)

A simple model of the walking bifurcation

(Arezki Boudaoud)

Protiere S., Boudaoud A. & Couder Y. J. Fluid Mech. 554, 85-108., (2006)
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The first model for the walking transition
(Arezki Boudaoud)

Newton’s equation, the fast vertical motion being averaged over one period

d*x i dx/ dt o
m—— = F’sin| 2m —— |- f" dx/dr
dt” Ve

-m ~ 10-°kg mass of the droplet

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

b /J\ T —(
F =my, —|—|=10" N
/l. II

v,, Vertical acceleration,
A/ slope of the surface
T duration of the collision

-V damping due to the shearing of the air film

./U‘lz* o : :l()-(\ N

Pirsa: 11100119 Page 17/111



Pirsa: 11100119

The *“*walking** bifurcation

27T X
Ui
Vi

= b
mx = F"sin

- [N

Seeking steady solutions
(and in the limit of small velocities)
2nx 1| 2mx

fx=F" -
‘,_/;J (1 “’/;i

for small values of F” the only solution is x =0

Above a threshold, the motionless solution becomes unstable

And two self propagative solutions of opposite velocities appear.

oV == (N6 /21)(F" - F!)/F"

01
¥ sF
vV,
0,08
0,06
Stable
0,04
0,02
I'nstable
Stable
Stable
'
0 0,02 0,04 0,06 0,08 0,1
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'he computed and observed bifurcation

0,1 —————————————————— 0.1
X v V!
LV F W fr
wYe
0,08 0,08 Deh.82mm
vy —1Y
& | b v
:'
/ |
0,06 0,06
/
J
0,04 0,04 | [ D=0.7mm
ey T
Vs { "--Il 1), S6mm
0,02 0,02 | A
/ (]
/ k]
)Y -
b
/i I
0 i 0 v | | . . | -
0 0,02 0,04 0,06 0,08 0,1 2, 3 1.5 [ W'k 45

A more complete model based on the same principle has been developed recently by Jan
Molacek and John Bush
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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

Pirsa: 11100119 Page 20/111



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
IT Walking in circles

I1I Walking when confined
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Part 1
Walking straight

The wave field structure and its “path-memory”’,

A. Eddi, E. Sultan. J. Moukhtar, E. Fort, M. Rossi, and Y. Couder,
J. Fluid Mech., 674, 433- 464, (2011).
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A detail of the phase diagram
A
Evolution of the wave field as a
function of the distance to the

IFaraday instability threshold

I the non-dimensional distance to threshold tends to zero

L=y, -7.)/7

(a) (b)
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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)

-

— i

. B
Y™ -
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I'he interface is disturbed by the repeated impacts of the droplet

What type of wave is generated

by one single collision?
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The wave-field produced
' by one single collision

(a I mm steel ball dropped in the
bath)

t=10 ms

- | -

=~

t=300 ms

The Faraday waves decay

r
i

-

with a characteristic time:
-1

F
y”.’ - ’}/,”

Without periodic With a periodic forcing near T X
forcing the Faraday instability
threshold
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Spatio-temporal evolution of
the radial profile of the wave
emitted by one bounce

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
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The wave-field produced

' by one single collision
(a I mm steel ball dropped in the
bath)
t=10 ms

)

The Faraday waves decay

with a characteristic time:
-1

F
y”.’ - }/HI

Without periodic With a periodic forcing near T X
forcing the Faraday instability
threshold
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Spatio-temporal evolution of
the radial profile of the wave
emitted by one bounce

Without periodic forcing

ot

i

With a periodic forcing near the
Faraday instability threshold

1§

55 IREEED:
0 & SEE
I !

£

Conclusion: near the Faraday threshold, a point which has been disturbed
remains the centre of a localized state of almost sustained Faraday waves
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The numerical model of walkers

(Emmanuel Fort)
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The numerical model of walkers
(Emmanuel Fort)

d . » ]-IJ A
A/ Motion of the droplet : S Zay
et

(1) Take-off and landing times are

g i p- \ A )

determined by the forcing r

. ‘ £ Cep
oscillations only. r)
s »

(2) The walk result from successive 0

' M J ' ] .. J I
dispiacements or _due lo the ” . . v
Y. = : : B/ Computation of the wave-field
kicks. I'he direction and

smnndline nf Ar ire deterimined —— ‘ . ven s> ;
modulus of or, are determined 1) At each bounce, a circular localized mode of

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

of landing.
(2) The points of the surface visited by the droplet
in the past remain the centres of such a

>

(3) This slope results of the
interfering waves due to the localized mode.
pPr vious bounces
(3) The wave field results from the superposition
of all these waves, and thus contains a
memory of the path followed by the droplet
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B/ The computation of the wave-field

.
>
'
'
/ -
v -~
/ l| p -
/ r(t)
/ 1
V.
= >
0
; (8 =1 ’r -r, ..T‘l—l |
hir,,) = E Re e cxp—[ =lexp- —lexpi + @
. o) /
1 ‘I -1, SR (& _ )
r, position of the droplet at time t, =t == p)lg
e
the damping time is related to the distance to Faraday instability onset: T %/, =7,
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First results of the numerical simulation

(1) The walking bifurcation is recovered
(2) A realistic structure of the wave field is obtained for a rectilinearly

moving walker

—
E
o
N

}’"-‘--: 11 1res]f [/] /; tirelertion
ne measured el Iy stmmulation

The structure of the wave field exhibits Fresnel interference fringes
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In the limit of weak decay times:
Fresnel fringes

4
1 L rep—
e
o
it
0 *
~m—.‘.‘
e e———y
1 .
. \

Fresnel diffraction behind an edge
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First results of the numerical simulation

(1) The walking bifurcation is recovered
(2) A realistic structure of the wave field is obtained for a rectilinearly
moving walker

—
g

o

T

}f{}” measureed fheld /.’\ Stniiarion

The structure of the wave field exhibits Fresnel interference fringes
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Part 11

Walking in circles

Orbiting due to an external force

. Fort, A. Eddi, A. Boudaoud, J. Moukhtar, and Y. Couder,
PNAS, 107, 17515-17520, (2010)
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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

F=q(V rB)

On a surface rotatine with angul

Fo==2m(V 2 Q)

-

OCILY &

Orbital motion Orbital motion in the rotating frame
Larmor angular velocity Orbital motion angular velocity

W, =qgB/m 202
Orbit radius Orbit radius

R=V/2Q
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The rotating Faraday experiment
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Measured trajectories

(1, ]
yvimm) vimm) Mode n=1
1 \ | ' 2
v B \
7 e
LA N
’ { 1
1
{ 4
\‘\‘f N
1 /
| 'L
W IX
\
.\ { | "
A /
a S v/ | A
\ y
Y / .
-
- .
% .
i} | ‘
ximm) x(mm)
J ! ( F ‘
Irajectory in the laboratory

Irajectory in the rotating
frame of reference

frame of reference
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Classical radius of the orbits

I 3 I | 1
14 | i
The “classical” radius of the orbit  R(mm) 5
3 % < |
observed in the rotating frame and 12 - |
due to Coriolis effect should be:
10 |
R=V/282
8 |
6 |
4 |
;
0L I | | | |
0 02 0.4 0.6 08 1
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Measured radius of the orbits
for walkers with weak path memory
(far from the Faraday threshold)

15
The radius of the orbit observed in ~ R(mm) |
the rotating frame has a “classical™
dependence, but slightly shifted

10 |
R=a (V/282)
With

a=1.3
3
oL
0
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[easured radius of the orbits of walkers having long term
path memory (near the Faraday threshold)
20 I T
R(mm)
15}
10 |
Near the Faraday instability
threshold, the radius of the
orbit evolves by discrete 5 |
Jumps when 8 is increased ;
0L I L ! L &l
0 0.2 0.4 0.6 0.8 1
2Q /N
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Dimensionless radius of the orbits

3 -
!— 1 I = L g
I B (5 . . . ' + L] »
'he radii of the orbits obtained at various RH\-]‘- [ r
L
: . : : : 25 | o’
frequencies and for walkers of various ' L
! ¥
velocities are all rescaled by expressing: '
2 | R
} -
R. o : . . ' ey
~as a function of the non - dimensionnal . ,:" ’
A N
; I.:‘ [ ® {
[ Vy -3
parameter . |——- ‘ o
\2QA, '
2QA, ,
1| B
wge
05 | -

0L 1 |

L

! 1/2
(V, /2QM,)
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The first two modes

!

(/!.-;,n,l'):.j )\.l,l {/”;r.‘f}:;‘.i
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Landau levels:
the Bohr-Sommerteld quantization in a magnetic field

I'he Bohr Sommerfeld condition imposes:

(ﬁf)(p —eA) dl=(n+y)h

The Larmor radius can only take discrete values
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The radii of the Landau orbits in a magnetic field

The quantized Larmor radius:

h
can be expressed as a function of the de Broglie wavelength

Ap=-
\ (B
‘ mV

— ] |
By =l/n f'(n+ l) m_¥
Ay ‘\‘ 2)qB Ay

m |
L — ]

qB 202

=1

Ay = Ay

R o1\ v,
I'he analogy suggests: p = \/]/‘T V(” ¥ 2) ’

» 2Q 1,
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Dimensionless radius of the orbits

3 T T — 7 A
R/)\.I,
The analogy suggests:
25
R ' 1\ V., -
L= ./l/7 (n+)“~ : n=3
A 2)2Q4, | .
'\fﬁ =(.564
We find
K089 (n + l] 4 | 4 n=0 |
2, 2)2Q4, - -
| ]
1 1,5
/ 12
(V,/(22A,)

The diameters are quantized, not the perimeters
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The path memory effect in the case of circular trajectories

How to compute the local slope induced at the point
of impact by the superposition of the waves due to
“sources” distributed on a circular orbit

S(f’_,;f) = V"/r(l‘,.,lf)

, Short-term memory Ysr.1)

N .
Long-term memory -, ‘oo Ysio
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The first two modes
as observed and
simulated
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The radial slope S, at the point of bouncing generates an additional centripetal
(or centrifugal) force.
It is responsible for the formation of plateaus

s |(@)

I

arbitrary
units

0

n=0
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The results of numerical simulations (Emmanuel Fort’s model)

3
R/A,
2
In black:
long-term memory
]
0
0 8 Jh | 1.5
n 1/2
(Vy/(292A))
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