Interaction of walkers with a standing Faraday wave
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Walkers (i.e., bouncing droplets coupled to a local Faraday wave) are sent on an orthogonal
standing wave. The trajectories of successive walkers form a straight-propagating beam towards the
wave that splits into three distinct paths during the interaction with the wave. At the end of the
interaction, walkers trajectories split again and are deviated in three main directions. The walkers
trajectories show sensitivity to parameters and initial conditions but remain predictable in some
regions of the parameter space. The dependence of the statistical distribution of deviations on the
wave amplitude markedly differs from the prediction of quantum mechanics for a particle interacting

with a standing electromagnetic wave.

I. INTRODUCTION

A vertically vibrated bath offers the possibility to ob-
serve long-living droplets at its surface. The vibration
prevents coalescence by renewing the air cushion between
the droplet and the bath at each period. Under more
restrictive conditions, the coupling between a bouncing
droplet and the standing waves that it generates trig-
gers the horizontal motion (walking) of the droplet on
the bath surface. These walkers, comprising both the
droplet and the coupled underlying wave, have been pre-
sented as a potential hydrodynamic quantum analogue
[1-4]. The borrowing of the adjective “quantum” is sup-
ported by convincing experiments that exhibit quantifi-
cation of motion: quantized orbits in a well [5-8], eigen-
states in a confined cavity [9-11] or quantified angular
momentum [12, 13].

Nevertheless, the two iconic quantum mechanics ex-
periments, namely two-slit diffraction and quantum en-
tanglement, were not reproduced with walkers. The
first attempts to create entanglement were made recently
[14, 15]. The corresponding experiment positively shows
that Bell inequalities can be violated by walkers because
wave-mediated interactions do not allow to fulfill the as-
sumptions of the theorem.

Many attempts were made to reproduce two-slit
diffraction [16-18]. Originally, Couder and Fort [16]
guided walkers towards a submerged linear obstacle glued
at the bottom of the bath with two gaps as slits. They
drew promising diffraction figures but the number of con-
sidered data points were too few to conclude [17]. Later,
Andersen et al. [17] were unable to reproduce the ob-
served diffraction pattern. By the time of those early
works, experimental setups were subjected to external
air currents that curved the trajectories of the walkers.
Pucci et al. [18] performed a delicate air-tight experi-
ment. They showed that walkers trajectories are mainly
deviated by one of the two slits, sometimes with effects
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of the second slit. However, despite exhibiting peaks,
the observed diffraction figure was different from that of
quantum particles. Later, it was shown that diffraction
was unlikely to occur with the experimental conditions
considered by Pucci et al. [18], the length of the path
through the second slit being larger than the damping
length of the wavefield [19]. The most recent papers to
date on the subject, [20, 21], improved the experimental
capacity to produce diffraction by having larger damping
lengths. Their findings support that diffraction occurs for
walking droplets but that the diffraction figure is different
from that of quantum mechanics in the parameter space
explored. A major difference between the two systems is
that the waves radiated by walkers do not exhibit similar
amplitude in both slits, which prevents a quantum-like
diffraction pattern. Wave amplitudes in both slits might
be closer to each other with relativistic walkers [22].

Ellegaard and Levinsen [21] increased damping length
by working extremely close to the Faraday threshold
(vr/(yr — ) = 1000) which is difficult to master exper-
imentally (any undesired temperature variation changes
oil viscosity and drifts the Faraday threshold vyg). An al-
ternative would be to decrease the oil viscosity, although
this would imply working with smaller droplets [23] which
are more sensitive to air currents. The second experimen-
tal difficulty lies in the interaction between the capillary
wave of the walker and the submerged obstacles which
remains poorly characterized [24-26]. Therefore, with
the existing experimental configuration, a quantum-like
two-slit diffraction of walkers may not be achievable.

By contrast, the diffraction of a particle by a stand-
ing wave, known as Kapitza-Dirac diffraction [27-29] in
quantum mechanics, is a configuration that does not
involve interactions with obstacles. Gould et al. [30]
provided first experimental evidence of this diffraction
for sodium atoms interacting with a standing-wave laser
field.

This configuration has recently been transposed to
walkers by Primkulov et al. [31] : a beam of walkers
crosses a pre-existing Faraday wave. The amplitude of
the standing wave was reported to be of much higher am-
plitude (240 pm) than the typical wavefield generated by
the walker itself (~10pm). The reported experimental
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FIG. 1. Experimental set-up. a. An oil bath was placed on top of a shaker and positioned horizontally (10 pmm™"') thanks
to positioning feet. b. Top view of the oil bath with a typical walker trajectory (red). Vibrations were recorded by a pair of
accelerometers. Extremely shallow parts are indicated in dark gray, the experimental zone is indicated in light gray and groove
in white. A synthetic Schlieren was placed in the groove for wave height measurement. c. Lateral view of the oil bath with

h1 =1.16 + 0.02 mm, hz =2.16 mm and h3z=5mm.

diffraction pattern is symmetric and made of four peaks,
none of them corresponding to an absence of deviation.
This diffraction pattern is reminiscent of the channeling
of atoms interacting with an intense standing wave [32].

However, the interaction of atoms or electrons with a
standing wave of light exhibits a variety of behaviors (in-
cluding Bragg’s scattering, channeling and diffraction),
depending on both the wave intensity and the interaction
time [28]. Are these behaviors also observed for walkers?
Do walkers behave similarly to quantum particles when
interacting with a standing wave?

In this paper, we report experimental data on the in-
teraction of walking droplets with a weak to moderate
standing wave (0 < A <9.5um). We analyze walkers
trajectories and check their sensitivity to initial condi-
tions and parameters. To test the analogy with quantum
mechanics, we compute the dependence of the position
and amplitude of the observed diffraction peaks on the
amplitude of the standing wave.

II. EXPERIMENTAL SETUP

The experimental set-up is presented in figure 1. An
oil reservoir of inner diameter 28 cm was placed on top of
an electromagnetic shaker (V400LT, Data Physics) that
generated a vertical acceleration I' cos(Qt) of amplitude
I and frequency €2/27 =80Hz. The shaker was initially
leveled by 4 positioning feet. The residual inclination
of the shaker platform was less than 10 pmm~! (figure
1a). The vertical acceleration of the shaker was measured
thanks to two identical accelerometers placed at opposite
positions on the sides of the reservoir. Accelerometers
allowed first to check the uniformity and absence of dis-
torsion of the vibration, and second to set acceleration
limits to ensure shaker integrity.

Figure 1b shows the reservoir seen from above. A thin
annulus (dark gray in Figure 1b) was submerged and
glued inside the reservoir to damp capillary waves ra-
diated by the meniscus at the reservoir edge. Two other

pieces (also in dark gray in Figure 1b) were placed sym-
metrically within the annulus. Once the walker inter-
acted with the standing wave, these pieces guided the
walker back to its initial position. A typical trajectory
is shown in red. The standing wave was generated in a
groove of depth hs =5mm oriented perpendicularly to
the droplet trajectory. A synthetic schlieren was placed
at the bottom of the groove to measure the topography
of the Faraday wave therein. Any submerged obstacle
was at least 55 mm away from the region of interaction.

The reservoir was made air-tight with a clamped lid
(figure 1c). The liquid depth was he =2.16 £+ 0.02mm
and h; =1.1640.02 mm in the over-damped regions (dark
gray in Figure 1b). Liquid depth was measured at the be-
ginning of each day of experiment with a manual caliper.

Both the bath and the droplet were made of silicone oil
of viscosity 20 ¢St (Sigma-Aldrich). The droplets were
formed thanks to a 3D printed piezoelectric dispenser
[33]. Once a droplet was formed, the lid was set back
in place and clamped. Each droplet was used for sev-
eral interaction experiments (from tens of minutes to few
hours) until it finally coalesced with the bath.

During each interaction experiment, called trial, the
walker was sent perpendicular to the groove, deviated
by the standing wave therein with a diffraction angle 6,
and automatically gathered back for a new test (figure
2a). See Supplemental Material for movies [34]. The
bath was insulated from parasitic sunlight with opaque
black curtains. Nevertheless, the recorded temperature
in the oil bath (submerged K-type thermocouple) varied
by more than 4 °C, subsequently inducing a variation of
the oil viscosity and the Faraday acceleration threshold.

The shaker motion was controlled by a feedback loop
similar to the one detailed in [35] but now aiming at main-
taining the standing wave amplitude in the groove. A
module implementing Lukas-Kanade tracking algorithm
computed in real-time the gradient of the Faraday wave
based on the synthetic Schlieren technique [36]. The
standing Faraday wave amplitude was then estimated
and the vibration amplitude was adjusted by PID feed-
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FIG. 2. Notations. a. Definition of distance é and diffraction angle §. The impact parameter is defined as the y-projected
distance between the droplet incoming trajectory and the closest antinode of the Faraday wave in the groove (grey strips in
the inset). b. Definition of impact (black) and flight states (yellow), in which the droplet can be at the instant of recording
(red spike). The scale bar is 5mm. Camera recording (red spike) is phase-shifted by 7/6 with the shaker acceleration (pink).
Faraday waves (blue) are phase-shifted by /4 with respect to shaker acceleration.

back loop to maintain a targeted wave amplitude. This
allowed to compensate for parasitic temperature varia-
tions. The feedback loop on the Faraday wave induces
some variability because the vertical dynamics of walkers
is slightly modified by the regulated driving acceleration.
Mostly, the walker speed is slightly changed, which is
then measured and taken into account. Nevertheless, we
expect the system to be more reproducible with this feed-
back on the Faraday wave amplitude than with a control
of the absolute acceleration .Targeted amplitudes were
1.9, 3.8, 5.8 and 7.7 pm. Actual Faraday wave amplitudes
were recorded at the beginning of each trial.

Droplet positions were measured from top-view record-
ings at 20 Hz, synchronized with the bath to be able to
decipher between flight and impact states (figure 2b).
Droplet velocities and impact phases were post-treated
with a custom Matlab script [37]. The initial walker
speed v is defined as the median value of the droplet
speed from the first 10 images, after the droplet gets out
of the launching channel. The median value was chosen
rather than the mean value to get rid off outlier points
due to poor detection or unsaved images. The output an-
gle is obtained by fitting a first order polynomial on the
last 10 points of the droplet trajectory before it gets out
of the camera view. The amplitude of the slope of Fara-
day waves was stored in memory along with its position
on the image. Camera recorded pictures at a phase shift
of /6 with respect to the shaker acceleration. This phase
shift allowed to distinguish clearly between flight and im-
pact states (Fig. 2b). However, considering the /4
phase shift between the Faraday waves and the shaker
acceleration [19], measurements are corrected by a fac-
tor 1/sin(m/12) to obtain the maximal wave amplitude.
From these measurements, the distance d is defined as the
projected distance on the y-axis between the initial posi-
tion (median of the first 10 points) and the position of the
maximum of the wave gradient, see figure 2a. The im-
pact parameter is then simply computed as ¢ = 275/ Ap
where \p =4.75mm is the Faraday wavelength in the
groove. Impact phases of droplets initially recorded in

flight state are shifted by .

A cosine function of y was fitted on the measured gra-
dient of the Faraday wave in the groove. A trial was
discarded when the coefficient of determination of this
fit was smaller than 0.9 or when multiple frames were
missing due to a lag in the acquisition. The present data
set gathers 3368 trials.

IIT. RESULTS
A. Diffraction figure of walkers

From the full dataset, walkers are sorted by velocity
in two groups, low speed v € [11.5; 12.1Jmms~! (1001
trials) and high speed v € [13.2; 13.8)mms~! (561 trials).
The speed distribution and the standing wave amplitude
distribution of the full dataset are given in supplementary
material.

The trajectories are shown in figure 3a for low speed
walkers and in figure 3b for high speed walkers. The
initial beam of walkerss (from the right of the image)
starts interacting with the groove at a distance 2\p and
splits almost homogeneously. Then the beam of walkers
is channeled into the three first antinodes of the standing
wave (y = {—=Ap,0,Ar}). The paths split again after
crossing the groove. At a distance, 2Ap downstream of
the groove, the trajectories become straight again. It
indicates that interactions with either the groove or other
submerged boundaries are negligible, and that there are
no parasitic air currents.

When a walker interacts with the wave in the groove,
the vertical bouncing dynamics of its droplet may be
strongly perturbed, to the point where it shifts by one
shaker period [37]. This event, called bouncing phase re-
versal, is witnessed as a switch between impact and flight
state in the movies. The first occurrences of such shift
during the interaction are represented in the insets of fig-
ures 3a and 3b. They are observed at a distance less than
Ar upstream of the groove.



-40 -30 -20 -10 0

o a-axis (mm)

-40 -30 -20 -10 0
a-axis (mm)

FIG. 3. Trajectories of walkers diffracted by a standing wave (gray shaded area) of amplitude A € [0; 9.5] pm. Trajectories are
colored according to the crossed valley. Inset: Location of the first bouncing phase reversal (blue star) if any. a. Low-speed

walkers. Velocity, v € [11.5; 12.1jmm s~

B. Predictability of experimental outcome

Walkers are sensitive to initial conditions and parame-
ters. Among others their vertical dynamics is perturbed.
The chosen valley (black red or yellow) is shown in the
wave amplitude/impact parameter space of figure 4a for
low speed walkers and figure 4b for high speed walkers.

To quantify this sensitivity, the parameter space is di-
vided in cells of 0.5 pmx7/3rad (figure 4). The distribu-
tion of trials within the parameter space is not uniform,
some regions gathering much more trials than others.
This non-uniformity is a trace of the experimental set-up
where (1) the impact parameter is not directly controlled,
(2) the feedback-loop on wave amplitude is extremely del-
icate and has some hysteresis (3) the same droplet is used
for multiple trials. To robustly analyze the sensitivity of
the outcome to parameters, statistical significance of the
outcome is tested with a 3-options combination model,
one option corresponding to one valley.

In a given cell of the parameter space, N = Nj +
Ny 4+ N3 independent trials were recorded, N1, Ny and
N3 being the number of walkers crossing valley 1, 2 and
3, respectively. The number of combinations leading to 4
trials in one of the three possible valleys reads,

N—i
N!
1IN — i — i)
= ilJI(N —i—j)!
To know if one option is overrepresented in a cell com-
pared to what a uniform random process would produce,
we consider the number of occurrences of the most rep-
resented option in the cell, M = max(Ny, Ny, N3). The

!, b. High speed walkers. Velocity, v € [13.2; 13.8)mms™'.

number of combinations leading to a number of occur-
rences larger or equal to M is,

i=M i=M j5=0

N!
iU (N —i—j)!

(2)

The total number of different combinations is Q(0) =

vaow( ) = 3N. Thus, the probability to obtain M
or more walkers in one valley reads p = Q(M)/Q(0).
The choice of a valley is considered predictable if the
probability for obtaining such a distribution is less than
p < 5%. Predictability is reported with gray cells in
figure 4. Cells with white background are not predictable
and cells with pink background have not been sufficiently
tested (N < 3) to be sorted.

Several attractors are visible, where trajectories are bi-
ased to a given valley (e.g., black valley at ¢ ~ /6 for
low speed walkers). By contrast, there are regions where
the choice of valley is very sensitive to parameters and
initial conditions, e.g., for ¢ 2 m at low speed. Sur-
prisingly, bouncing phase reversals are more frequent in
predictable regions of the parameter space.

C. Diffraction patterns

Figure 4 shows that trials are not evenly distributed
in the parameter space. To provide a statistically mean-
ingful analysis of the diffraction pattern, the full dataset
is divided in 6 subsets gathering experiments with im-
pact parameter ¢ € [in/3, (i + 1)7/3], index i = 0, ..., 5.
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FIG. 4. Parameter space of the experiment: standing wave amplitude vs. impact parameter. The background color indicates
the predictability of the choice of valley. Gray: the valley is predictable with a p-value less than 0.05. Pink: the predictability
cannot be assessed since there are less than 3 data points. white: the valley is not predictable p > 0.05. The color of the symbols
corresponds to the choice of valley. Red: top valley, Yellow: central valley, Black: bottom valley. Blue stars indicate the presence
of a bouncing phase reversal. a. Low speed walkers (v € [11.5; 12.1]lmms™"). b. High speed walkers (v € [13.2; 13.8]mms™").

The Probability Distribution Function (PDF) of diffrac-
tion angles is calculated for each subset. Then these six
PDF's are added with equal weight to generate the nor-
malized distribution of angles, that would result from a
uniform distribution of impact parameters.

This normalized distribution of diffraction angles is
shown in figure 5 for low-speed droplets. The diffraction
angles lie in the range [-40°;+40°] and their distribution is
not uniform. Notably, the distribution exhibits depleted
regions at around +15°. Considering different subsets
based on speed, standing wave amplitude or both, always
leads to a similar distribution with depleted regions.

The normalized angle distributions can be approxi-
mated by a symmetric three-peak function: aexp((x —
b)2/c?) + dexp(z?/c?) + fexp((x + b)?/c?). Other sym-
metric distributions such as a five-peak distribution could
have been considered. We finally opted for a three-peak
distribution for simplicity. Fits are performed directly on
the PDF considering a very large number of bins com-
pared to the number of test to avoid binning dependent
fitting. This fit assumes equal width ¢ of all peaks, sym-
metric peak position +b but possibly asymmetric peak
amplitude, a, d, f. For the subset represented in figure
5, the peak positions are centered around 0°, and +25°.

Figure 6 shows a scatter plot of the diffraction angle as
a function of the wave amplitude, with colors according
to the chosen valley. It clearly proves that the passage
through a valley does not preclude the diffraction angle.

Probability

Diffraction angle, 0

FIG. 5. a. Normalized distribution of diffraction angles
(walker velocity, v € [11.5; 12.1Jlmms™"', wave amplitude
A € [0; 9.5] pm). The dashed red curve is a fit of the distribu-
tion by a sum of three gaussian functions centered in -25°, 0°
and 25°. Individual gaussian functions are represented with
green, grey and blue shades.

D. Influence of wave amplitude

Normalized distributions of diffraction angles are
shown in figure 7 for three different ranges of wave am-
plitude. Again, depleted regions are seen around +15°,
and a 3-peak function can be fitted on the distributions.

The angle b of these peaks is plotted as a function of
wave amplitude in figure 8a. It is more or less indepen-
dent of the wave amplitude. The relative peaks ampli-
tude are plotted in figure 8b, |pg| = d representing the
probability to be in the central peak and |p1| = a + f
the probability to be deviated in one of the two lateral
peaks.
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FIG. 6. Scatter plot of diffraction angle vs standing wave amplitude. The color of the symbols corresponds to the chosen
valley (as in figure 3. Black: bottom valley. Red: top valley. Yellow: central valley. A € [0,9.5|pm). a. Walker velocity,
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FIG. 7. Diffraction figure depending on wave amplitude. Top
1 1.25 < A <3.75um. Center: 3.75 < A <6.25pm. Bottom:
6.25 < A <8.75um

IV. DISCUSSION AND COMPARISON TO
QUANTUM MECHANICS

The Kapitza-Dirac diffraction is the diffraction of
quantum particles by an electro-magnetic standing wave,
orthogonal to the beam of particles [29]. The present
diffraction of walkers by a standing wave exhibits a sim-
ilar configuration.

Batelaan [28] identified three main interactions be-
tween a quantum particle and an electromagnetic wave.
(i) At low potential energy V and short interaction time
7, the particle is unaffected by the wave. (ii) At large V'
and short 7, the Kapitza-Dirac diffraction occurs with
symmetric quantized peaks corresponding to a lateral
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FIG. 8. a. Deviation angle of the distribution as a function of
wave amplitude. b. probability to be in the central peak po
compared to the probability to be in one of the two first lateral
peaks pi1. Thick solid lines indicates the quantum prediction
with coefficient C' =0.17 pm~'.



momentum of multiple of 2hk, where A is the Planck
constant and k the wavenumber of the standing wave.
The central peak is present only at sufficiently low V.
(iii) At large V and long 7, the particle is in the chan-
nelling regime. The diffraction figure is symmetric with
two major peaks of lateral momentum corresponding to
several tens of Ak. In this work, walkers are observed
in a regime that phenomenologically corresponds to the
Kapitza-Dirac diffraction. In particular, the amplitude
of the standing wave is of the same order of magnitude
as the amplitude of the wave generated by the walker,
which may be considered as a moderate V.

The diffraction figure obtained with walkers exhibits
3 peaks, similarly to the diffraction of sodium atoms by
a standing wave of light at Vr/h = 1.86, test A4 from
Gould et al. [30]. However similarity does not hold for
analogy. Are the amplitudes of these three peaks evolv-
ing with variations of potential energy (i.e., variations of
standing wave amplitude), in the same way for walkers
and quantum particles?

According to the quantum prediction of Kapitza-Dirac
diffraction, the probability to find a particle in the cen-
tral peak is Jo(V7/h)%. The probability for the quan-
tum particle to receive two quanta of momentum +2hk
is J1(V1/h)? [28].

The argument of the Bessel functions is not easily
transferable to walking droplets as there is no strict
equivalent for A. Moreover, the equivalent of the wave po-
tential V for walkers is also unclear as the interaction of
a walker with a standing wave has not been investigated
theoretically. To possibly draw an analogy, we consider
that the potential of the interaction between the wave
and the walking droplet is likely to be proportional to the
standing wave amplitude only [38], namely, V7 /h = CA,
where C is a proportionality coefficient (the interaction
time being similar for all walkers, speed variations being
limited). We chose C' =0.17 pm ™~ because three and only
three peaks are observed. For C' <0.17pm™!, only the
first peak would be visible. For C' >0.17 pm ™", the quan-
tum theory predicts more than 3 peaks. C ~0.17 pm™!
is a reasonable value to obtain p; > 0 and ps ~ 0.

This value is used to compare quantum predictions
with experimental data on walkers in figure 8b (bins of
1.5pm). The comparison is poor: the quantum predic-
tion indicates a probability pg that decreases as the po-
tential energy increases, while the opposite is observed in
the present experiments with walkers.

Would walking droplets be better modeled with a new-
tonian model that does not consider the fast dynamics
(time scale: shaking frequency) of wave-particle interac-
tion? For a short interaction time, we can model the
standing wave as a lateral force,

mij = aAcos (2/\7Ty> .

F

The deviation angle after interaction,

20A . [2my
0 = atan ( 2 sin <>\F)>

According to such classical interaction, the devia-
tion angle corresponding to the lateral peaks varies as
atan(v/A). The experimental data from figure 8a do not
support such variation with A: the peak angle is con-
stant.

V. CONCLUSION

In this work, walkers sent normally towards a localized
standing Faraday wave have been observed to cross this
wave through three channels corresponding to adjacent
wave troughs called valleys. Once the wave is crossed, the
walkers resume a linear trajectory with a deflection angle
with respect to the wave. This behavior is reminiscent
of the Kapitza-Dirac diffraction of a quantum particle by
an electromagnetic wave. The interaction of a walking
droplet with a moderate standing wave is predictable in
some regions of the parameter space.

The diffraction figure exhibits two depleted regions at
around +15°, and was here fitted by a symmetric 3-peak
distribution.

The interaction of walkers with moderate standing
wave is reminiscent of the Kapitza-Dirac interaction, in
the sense that the distribution of diffraction angles ex-
hibits three peaks corresponding to preferential direc-
tions. However, the probability associated to these pre-
ferred diffraction angles does not vary with wave ampli-
tude in the same way as for quantum particles. Thus, this
experiment does not support a full analogy between the
two systems in the considered range of parameters. This
range is relatively narrow. A better match between the
quantum prediction and walker diffraction experiments
might be found in other sections of the parameter space.

Most experimental works on walkers are dealing with
submerged obstacles that are challenging to model. The
present experiment does not test the non-locality of walk-
ers but only the way they interact with a standing wave.
Nevertheless, this experiment is a first step toward test-
ing the non-locality of walkers without submerged obsta-
cles by creating an analogue to the Mach-Zehnder inter-
ferometer for walkers.
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FIG. 9. a. Distribution of walkers speeds of the full data
set. b. Distribution of Faraday wave Amplitudes of the full
dataset.



