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Lezione 1
- Teorie pre-quantistiche

- Introduzione alla località, all’ontologia e alla misura

- Esempi quantistici: diffrazione, interferenza e stato entangled

- Il problema della misura

Lezione 2
- Il problema della località

- Il problema dell’ontologia

- L’interpretazione di Copenhagen

Lezione 3
- Dimostrazione sperimentale dei walker

- Le teorie dell’onda pilota del XX secolo: de Broglie e Bohm

- Dualità onda-particella in fisica classica: i walker

- Le nascenti teorie dell’onda pilota (lezione congiunta con A. Cirimele e F. Greco)
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Diffrazione
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Interferenza
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Quantum Analogs with Walking Droplets 
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Scientific question

19

To what extent can a classical wave-driven system 
reproduce phenomena usually thought to be peculiar to 
the quantum realm? 

Try to respond with experiments

(and experiment-inspired models).



20

Waves are subharmonic 
and standing

Forcing acceleration

Faraday threshold

The Faraday instability



21J. Walker (1978),  Couder et al. Phys. Rev. Lett. (2005).

Slow motion video from Couder & Fort’s group in Paris

  coalescence avoided provided impact time is less than time required for air layer between 
drop and bath to drain to ~100 nm

Slow motion video from Bush’s group at MIT

Below the Faraday threshold

silicone oil with viscosity 20 cSt  

Bouncing drops
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Walking droplets

22Couder, Y. et al. Nature (2005) / Bush, J. W. M. Ann. Rev. Fluid Mech. (2015).

Real time, top view video from Couder’s group in Paris

  spatially extended walkers composed of droplet and monochromatic wave

 Yves Couder, Emmanuel Fort and coworkers in Paris discovered that if the forcing amplitude is 
increased further, the droplet can begin to translate steadily across the surface propelled by its self-
generated wave field.

Slow motion video from Bush’s group at MIT

~ 10 cm
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Wave field with increasing forcing amplitude: Memory

A. Eddi et al. J. Fluid Mech. 674:433-463 (2011).
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Orbital quantization and eigenstates



Giuseppe Pucci 25

Angular rotation speed as an effective magnetic field

~B = ~r^ ~A

2~⌦ = ~r^ ~U

Berry et al. 1980.

~FB = q(~v ^ ~B)

~F⌦ = �m(~v ^ ~2⌦)

Electromagnetism

Fluid mechanics
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low memory high memory
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wobbling
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Quantum 1D harmonic oscillator

(Source: Wikipedia)
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Quantum 1D harmonic oscillator

(Source: Wikipedia)

Some trajectories of a harmonic oscillator according to Newton's laws 
of classical mechanics (A–B), and according to the Schrödinger 
equation of quantum mechanics (C–H). In A–B, the particle 
(represented as a ball attached to a spring) oscillates back and forth. In 
C–H, some solutions to the Schrödinger Equation are shown, where the 
horizontal axis is position, and the vertical axis is the real part (blue) or 
imaginary part (red) of the wavefunction. C, D, E, F, but not G, H, are 
energy eigenstates. H is a coherent state—a quantum state that 
approximates the classical trajectory.
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Wavelike statistics in cavities
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Particle in a box, or infinite potential well Source: Wikipedia

The states (B,C,D) are energy eigenstates, but (E,F) are not.
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Test Region

Interface
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Single-particle diffraction
with a hydrodynamic pilot-wave model

Giuseppe Pucci, Consiglio Nazionale delle Ricerche - CNR-Nanotec at Università della Calabria.

A. Bellaigue, Institut de Physique de Rennes (France) 
A. Cirimele and G. Alì, Dipartimento di Fisica - Università della Calabria  
A. U. Oza, New Jersey Institute of Technology (USA).

Physical Review E 111, L033101 (2025)
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What about diffraction?

59

Couder and Fort, Phys. Rev. Lett. 2006.

• Walking droplets passing 
through an aperture between 
two submerged barriers.

125 trajectories 

Revisited by Batelaan et al. (2016) with inconclusive results. 
Andersen A. et al. (2015), Bohr et al. (2016) contested  
Couder & Fort’s results on the basis of: 
• insufficient data   
• their different results 
• their questioning the wave interference due to the second slit.

Pucci G. et al., J. Fluid. Mech. 2018.
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diffraction pattern 
of a plane wave

235 trajectories

Further revisited by Ellegaard and 
Levinsen, Phys. Rev. E 2020 and 2024.

Conclusion: no quantum-like diffraction 
due to specific hydrodynamic conditions 
at the barriers.

Conclusion: no quantum-like diffraction.

use existing models of walking droplets.

• Black curve: Fraunhofer’s amplitude.
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Our model

60

We use the “stroboscopic model” of Oza et al. J. Fluid Mech. (2013), Couchman et al. J. Fluid Mech. (2019),  
which was benchmarked against experiments reporting quantization of orbits and angular momentum.

inertia + drag = propulsive force from waves

Equation of motion

: average phase of drop impact with respect 
to the oscillating wave field

: particle position : wave height

(f )
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Walls are modelled as series of secondary sources with inter-source spacing 
as in Couder & Fort’s simulations (2006).

Source amplitude is chosen in order to have zero amplitude on the sources (perfectly reflecting sources).

System dissipative —> focus on the near field (a few wavelengths away from the barrier)
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Diffraction from an edge

61

PDF of walkers vs. probability 
density of quantum particles
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Wavelike behavior observed 
on the PDF of walkers.

PDF of walkers oscillate on 
while         oscillates on  
                    (de Broglie wavelength)
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Diffraction from an edge: mechanism
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Trajectories color coded according 
to their position on a screen 

Look at the wave field from 
secondary sources only.
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: field wavelength.

Walkers experience a transient 
potential, responsible for the 
focusing.
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Diffraction past a single slit
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Conclusions on diffraction

64

Since the system is dissipative (the walker wave 
field decays exponentially in space) we focused 
on the near field (not explored in prior studies).

The possibility of obtaining quantum-like 
diffraction with walkers has been elusive 
until now in experiments.

We have used a hydrodynamic pilot-wave 
model to investigate walker diffraction by 
linear barriers.

We found wavelike particle statistics, 
qualitatively similar to quantum particles.

We have rationalized single-particle diffraction in 
terms of wavefield generated by the barriers, 
which creates a transient potential for the particle.

These results inform walker-inspired pilot-wave theories,  
which could yield results even closer to quantum mechanics.
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de Broglie’s pilot-wave theory: 
the double-wave solution

65

•   Harmony of Phases: the particle oscillates in resonance with its guiding wave      

•   it is a monochromatic standing wave in the particle frame of reference      

•             is the probability wave, as prescribed by standard quantum theory

•  the particle is pushed perpendicular to surfaces of constant phase:

ωc =
m0c

2

h̄

•   a real physical wave is generated by internal particle vibration  
     (Zitterbewegung) at the Compton frequency: 

“A freely moving body follows a trajectory that is orthogonal  
   to the surfaces of an associated wave guide”. (Louis de Broglie (1892-1987))

Ψ

p = mẋp = ∇φ = h̄k for a monochromatic wave Ψ
dB

= |ΨdB |ei(k·x−ωt)

•                                                        is the real physical wave solution of Klein-Gordon 
equation, responsible for guiding the particle    

Ψ
dB

= |ΨdB | e
iφ/h̄

de Broglie, L. Ondes et mouvements (1926). / Non-linear wave mechanics: a causal interpretation (1960).
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de Broglie’s pilot-wave theory vs. walkers

66

  long-term statistical behavior described 

 fast dynamics: mass oscillations at        

  intermediate pilot-wave dynamics:       

by standard quantum theory

creates wave field

particle rides its guiding wave field

centered on particle

ωc =
m0c

2

h̄
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Who currently works in this field


