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4. J.S. Bell, Six possible worlds of quantum mechanics, Speakable and Unspeakable in Quantum
Mechanics, 2nd edn. (Cambridge, 2004)

While the founding fathers agonized over the question
‘particle’ or ‘wave’
de Broglie in 1925 proposed the obvious answer
‘particle’ and ‘wave’.

[s 1t not clear from the smallness of the scintillation on the screen that we have to do with a
particle? And is it not clear, from the diffraction and interference patterns, that the motion
of the particle 1s directed by a wave? De Broglie showed in detail how the motion of a
particle, passing through just one of two holes 1n [a] screen, could be influenced by waves
propagating through both holes. And so influenced that the particle does not go where the
waves cancel out, but is attracted to where they cooperate. This 1dea seems to me so natural
and simple, to resolve the wave-particle dilemma in such a clear and ordinary way, that it is
a great mystery to me that it was so generally ignored. Of the founding fathers, only Einstein
thought that de Broglie was on the right lines. Discouraged, de Broglie abandoned his picture
for many years. He took 1t up again only when it was rediscovered, and more systematically
presented, in 1952, by David Bohm. .... There is no need in this picture to divide the world
into ‘quantum’ and ‘classical’ parts. For the necessary ‘classical terms’ are available already
for individual particles (their actual positions) and so also for macroscopic assemblies of
particles [4].
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Buca di potenziale infinito
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Diffrazione
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Interferenza
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Fig. 3.1 The quantum particle-in-a-box (whose spatial degree of freedom is called x) is shown
on the left; the curve is meant to indicate its wave function (though one should be careful not to
take this picture too literally!). Then there is an energy-measurement device which will perform the
measurement. The device has a macroscopic pointer, which we can idealize as a single, very heavy
particle with horizontal coordinate y. Prior to the measurement-interaction, the pointer is sitting in
its “ready” position (yy); after the measurement interaction, the pointer will move to a new position
which indicates the outcome of the measurement: y; will mean that the energy of the particle is E1,
etc
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Fig. 7.5 The graph on the left highlights (in dark gray) the region of the two-dimensional con-
figuration space where W (x, y, 0) has support. Later, at time 7, the wave function has split apart
into several non-overlapping “islands™. This 1s depicted in the graph on the right. The simultaneous
presence of all these islands constitutes, for orthodox quantum mechanics, the measurement prob-
lem. But for the pilot-wave theory, the actually-realized outcome of the measurement is not to be
found in the wave function, but rather in the final position of the pointer. And this, in the pilot-wave
theory, will be some one (random but perfectly definite) value, indicated here by the vertical position
Y (1) of the dot which represents the actual configuration point (X, Y). The indicated Y (7) is in the
support of the n = 2 branch of the wave function —1i.e., Y () is approximately AE>7 — so we would
say in this case that the energy measurement had the outcome E = E». Note that the outcome might
have been different had the (random) nitial positions X (0) and Y (0) been different
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7. J.S. Bell, On the impossible pilot wave, Speakable and Unspeakable in Quantum Mechanics,
2nd edn. (Cambridge, 2004)

When I was a student I had much difficulty with quantum mechanics. It was comforting
to find that even Einstein had such difficulties for a long time. Indeed they had led him
to the heretical conclusion that something was missing in the theory: ‘I am, in fact, firmly
convinced that the essentially statistical character of contemporary quantum theory is solely
to be ascribed to the fact that this (theory) operates with an incomplete description of physical
systems.’

More explicitly, in *a complete physical description, the statistical quantum theory would ...
take an approximately analogous position to the statistical mechanics within the framework
of classical mechanics...".
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7. J.S. Bell, On the impossible pilot wave, Speakable and Unspeakable in Quantum Mechanics,
2nd edn. (Cambridge, 2004)

Einstein did not seem to know that this possibility, of peaceful coexistence between quantum
statistical predictions and a more complete theoretical description, had been disposed of
with great rigour by J. von Neumann. I myself did not know von Neumann’s demonstration
at first hand, for at that time 1t was available only in German, which I could not read.
However I knew of it from the beautiful book by Born, Natural Philosophy of Cause and
Chance, which was in fact one of the highlights of my physics education. Discussing how
physics might develop Born wrote: ‘I expect ... that we shall have to sacrifice some current
ideas and to use still more abstract methods. However these are only opinions. A more
concrete contribution to this question has been made by J.v. Neumann in his brilliant book,
Mathematische Grundlagen der Quantenmechanik. He puts the theory on an axiomatic
basis by deriving it from a few postulates of a very plausible and general character, about
the properties of ‘expectation values’ (averages) and their representation by mathematical
symbols. The result i1s that the formalism of quantum mechanics 1s uniquely determined
by these axioms; in particular, no concealed parameters can be introduced with the help of
which the indeterministic description could be transformed into a deterministic one. Hence
if a future theory should be deterministic, it cannot be a modification of the present one but
must be essentially different. How this could be possible without sacrificing a whole treasure
of well established results I leave to the determinists to worry about.’

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 11



7. J.S. Bell, On the impossible pilot wave, Speakable and Unspeakable in Quantum Mechanics,
2nd edn. (Cambridge, 2004)

Having read this, I relegated the question to the back of my mind and got on with more
practical things.

But in 1952 I saw the impossible done. It was 1n papers by David Bohm. Bohm showed
explicitly how parameters could indeed be introduced, into nonrelativistic wave mechanics,
with the help of which the indeterministic description could be transformed into a deter-
ministic one. More importantly, in my opinion, the subjectivity of the orthodox version, the
necessary reference to the ‘observer’, could be eliminated.

Moreover, the essential idea was one that had been advanced already by de Broglie in 1927,
in his ‘pilot wave’ picture.

But why then had Born not told me of this “pilot wave’? If only to point out what was wrong
with 1t? Why did von Neumann not consider it? More extraordinarily, why did people go
on producing ‘impossibility’ proofs, after 1952, and as recently as 1978? When even Pauli,
Rosenfeld, and Heisenberg, could produce no more devastating criticism of Bohm’s version
than to brand it as *‘metaphysical’ and ‘1deological’? Why 1s the pilot wave picture ignored in
text books? Should it not be taught, not as the only way, but as an antidote to the prevailing
complacency? To show that vagueness, subjectivity, and indeterminism, are not forced on
us by experimental facts, but by deliberate theoretical choice? [7]

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 12
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8. Einstein’s remarks from Solvay 1927, translated in Bacciogallupt and Valentini, Quantum
theory at the crossroads, pp. 485487, http://arxiv.org/pdf/quant-ph/0609 184.pdf

one can remove [the “boxes’ type objection, against nonlocality| only in the following way,
that one does not describe the process solely by the Schrodinger wave, but that at the same
time one localises the particle during the propagation. I think Mr de Broglie is right to search
in this direction [8].

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 13



9. S. Goldstein, A theorist ignored (review of E. David Peat’s biography of David Bohm, Infinite
Potential). Science 275(28), 1893 (1997)
10. J. Bricmont, Making Sense of Quantum Mechanics (Springer, New York, 2016)

Twenty five years later — during which time de Broglie had completely abandoned
and forgotten the pilot-wave idea, and Einstein had gone off on his own to try to
develop his “unified field theory” program — David Bohm independently rediscovered
and developed and published the pilot-wave i1dea. Prior to this publication, Bohm
wrote: “I can’t believe that I should have been the one to see this” and expressed
an optimistic expectation “‘that the physics community would react with enthusiasm
[9].” But instead the community reacted very negatively. Oppenheimer dismissed
Bohm’s ideas as “juvenile deviationism’ and said that “if we cannot disprove Bohm,
then we must agree to ignore him.” Rosenfeld called the theory “very ingenious, but
basically wrong”. Wolfgang Pauli called it “foolish simplicity” which “is of course
beyond all help [9, 10]".

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 14



11. Einstein, letter of May 12, 1952, to Max Born, in Irene Born, trans., The Born-Einstein Letters
(Walker and Company, New York, 1971), p. 192

Have you noticed that Bohm believes (as de Broglie did, 25 years ago) that he 1s able to
interpret the quantum theory in deterministic terms? That way seems too cheap tome [11].

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 15



12. W. Heisenberg, Criticism and counterproposals to the Copenhagen interpretation of quantum
theory. Physics and Philosophy (Harper & Row, New York, 1958)

....Bohm’s language, as we have already pointed out, says nothing about physics that 1s
different from what the Copenhagen interpretation says [12].

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 16



13. J.S. Bell, On the problem of hidden variables in quantum mechanics. Rev. Mod. Phys. 38(3),
447-452 (1966). (Reprinted in Speakable and Unspeakable in Quantum Mechanics, 2nd edn.
(Cambridge, 2004).)

in this theory an explicit causal mechanism exists whereby the disposition of one piece of
apparatus affects the results obtained with a distant piece. In fact the Einstein—Podolsky—
Rosen paradox 1s resolved in the way which Einstein would have liked least [13].

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 17



Quantum Analogs with Walking Droplets



Scientific question

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).

Giuseppe Pucci [ 19



The Faraday instability

Forcing acceleration F(t) — ’7008(27Tf0t)

o ~ 100 Hz

Faraday threshold ~vp

Waves are subharmonic  f = f0/2
and standing

20



Bouncing drops

F(t) — ’}/COS(Qﬂ'fOt) Below the Faraday threshold Y < VF

Slow motion video from Bush'’s group at MIT

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

silicone oil with viscosity 20 ¢St fo=80Hz ~v~3g¢g

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

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

= 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.

= spatially extended walkers composed of droplet and monochromatic wave

~ 10 cm

Slow motion video from Bush'’s group at MIT

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

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



Wave field with increasing forcing amplitude: Memory

(a) (b)

FIGURE 2. Photographs of the wave field associated with the same droplet of diameter
D =0.76 mm for three different forcing accelerations in the walking regime (points a, b
and c of the phase diagram, see figure 1). The drop propagates from left to right. (a) Wave
field observed at point a, where I' =(yr — ¥)/yr =0.17, ie. "1 =5.9. (b) Wave field at b,
where I' =0.07, i.e. "1 =14.3. (¢) Wave field at c, where I" =0.018, i.e. I'~' =55.5. The value
of I'"! gives an order of magnitude of the number of bounces which contribute to the wave
field interference pattern.
T Td

T Te  Te(1—7/7r)

A. Eddi et al. J. Fluid Mech. 674:433-463 (2011). 23
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Orbital quantization and eigenstates




Angular rotation speed as an effective magnetic field

— —

Electromagnetism B — {/ A g ﬁB — CJ(Q?/\ —))

20 =V AU Fo = —m(T A 2Q)

Fluid mechanics

Berry et al. 1980.

Path-memory induced quantization of classical orbits
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Path-memory induced quantization of classical orbits
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In a magnetic field the orbit has a radius
pp =mv/qB [1]

and a Larmor period z;, = m/gB. On a rotating surface a mobile
particle with velocity IV moves on a circle of radius

R-=V/2Q [2]
15 —
For short-term memory, the walker moves on an orbit of 10+
decreasing radius Rc (Fig. 24) as would be expected from ’é\
Eq. 2. The measured values are, however, larger than expected =
and we find an excellent fit with E
RI® = a(Vy [20), [3] 5t
0! L
0 0,5
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Path-memory induced quantization of classical orbits
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Path-memory induced quantization of classical orbits
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Let us now look for an analogy between the discretization in
our results and that of quantum systems. In quantum mechanics,
the motion of a charge in a magnetic field is quantified in Landau
levels (15). The associated Larmor radius only takes discrete
values p, given by

5 = \/_l/n\/(n +%) qh—B [4]

withn = 0,1,2,.... This equation can alternatively be expressed as
a function of the de Broglie wavelength 235 = A/mV. The radii
then satisfy

P _ N\NmV
o — \/1/7:\/(;1 + 2) B [5]

AdB

The Landau orbits coincide with the classical ones when Eqs. 1 p;, = mv/gB
and § are satisfied simultaneously. Eliminating mV’ /gB gives

1 1
Pn = — (n + —> AdB> [6]
/A 2

which corresponds to the Bohr—-Sommerfeld quantization of the
orbits perimeter.
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We can now ask ourselves if our experimental results have
some analogy with this quantization by first using the previously
discussed correspondence where 1/2€2 is the analogue of the
Larmor period 7;, = m/gB. A bolder step is to assume that in
our classical system the Faraday wavelength could play a role
comparable to the de Broglie wavelength in the quantum situa-
tion. We thus try fitting our data with a dependence of the type

given by

R I\ 1
R, _, (n+§) Vw

Pn 1) mV
— = 1/m[\n+Z) =
AdB / \/( 2) qB Aap

2Q i

[S]

[7]

C3_ |

R/,

n=4

n=3]
n=2

=1:

n=

0,75
(Vi /2QA Y2

1,5
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Evolution of statistical behavior
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Quantum 1D harmonic oscillator

A2 ~2 1 (Source: Wikipedia)
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Quantum 1D harmonic oscillator
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(Source: Wikipedia)

H|y) = E [¢)

Some trajectories of a harmonic oscillator according to Newton's laws
of classical mechanics (A-B), and according to the Schrodinger
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 Schrodinger 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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A double quantization. We characterize the particle’s motion by ' " ek | #a ' ' ' ‘m=4
two features, its mean non-dimensional distance to the central Ll %
axis R: 2r _____ o S LI
gl o n=4
) 15 p
R= 3) ?ﬁ n=3
1t m
R
and its mean non-dimensional angular momentum L
0.5p g@*n=t _______
N
F o (Lz> . 1 | g2 Vk
L= =—) [=x=). (4) 0 |
mwdeV N\ V 0 05 1 15 2

where r; is the position of the kth bounce and N is the total 4

number of bounces.
Figure 4 | The double quantization at long memory. (a) Evolution of the

mean spatial extent R as a function of the control parameter A. The black
circles correspond to the circular or oval orbits, the red squares represent
the lemniscates and the blue triangles represent the trefoils. The stars are
radii measured in organized sections of disordered patterns of the type
shown below in Fig. 5. (b) Evolution of the mean angular momentum L, as a
function of A for the same set of trajectories.

dimensionless width of the inotential well A = (V\/mw/x)/Ax 42
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orbits. Simple trajectories can be observed in narrow ranges of values of
the tuning parameter A. They are shown in their most stable form (for
-2+t - {1 M=50) and in situations where they are slightly unstable (for Ma100).

L L ' : ' ' ' ' ' ' ' The scales are in units of the Faraday wavelength 4 =4.75mm. (a,b) The

smallest circular orbit (n=1, m= £1). (¢,d) The oval orbit (n=2, m= +2)

1 well fitted by a Cassini oval. (e,f) The small lemniscates (n=2, m=0).

1 (gh) The trefoil (h=4, m= £ 2). In bd,fh the trajectories are shown in
<‘ 1 grey for a long time interval and a part of it has been singled out in red.

i Or 1F 1 The scales are in units of Ar. See Supplementary Movies 1-3 associated with

1 trajectories of a,d f, respectively.
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0 2 4 6 decomposition of the wave field in centred Bessel functions. The trajectory
Mode order being close to the ideal, the amplitude of the Jo mode is weak, the dominant
J; mode is responsible for the azimuthal propulsion of the droplet. (g) An
g h experimentally observed lemniscate trajectory (n=2, m=0). The latest M
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Wavelike statistics In cavities
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Particle in a box, or infinite potential well

Source: Wikipedia
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The states (B,C,D) are energy eigenstates, but (E,F) are not.
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Walker in a circular corral

Interface

Test Region

Droplet can only walk in the deep central region,
thus remains confined within the “corral”
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Circular Faraday modes

m =1

m =23

m =4

(V2 +k*)h=0
him = Ji(kimr)sin(l0 + ¢)

Benjamin and Ursell (1954) o B
|

Faraday wave mode observed above threshold
is determined by forcing frequency and -
boundary conditions I
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Selected Faraday mode

Most unstable mode above the Faraday threshold at f = 70 Hz
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Walker in circular corral

« Without the presence of the drop, the surface remains flat
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Influence of memory

Increased forcing amplitude

« As the Faraday threshold is approached, trajectory becomes irregular
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Speed (mm/s)
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Probability distribution

« Emergence of wave-like statistics from chaotic pilot-wave dynamics
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Probability distribution

« Statistics are well described by amplitude of most
unstable cavity mode
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Switching between unstable circular orbits

« Trajectory can be decomposed into arcs along extrema of most
unstable cavity eigenmode

* In a simplified 1D model, T. Gilet (2014) demonstrated that the
chaotic switching between unstable fixed points gives rise to
wave-like statistics
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Analogy with quantum corrals

Crommie, Lutz, & Eigler, Science (1993)
Harris et al., PRE (2013)

« |n quantum corral, electron statistics are defined by the solution to
Schrodinger equation in circular geometry with de Broglie wavelength

« In fluid corral, walker statistics are defined by the solution to wave
equation in circular geometry with Faraday wavelength -



Single-particle diffraction
with a hydrodynamic pilot-wave model

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

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

[ 125 trajectories
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Walking droplets passing
through an aperture between
two submerged barriers.

Black curve: Fraunhofer’s amplitude.

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:

e insufficient data

e their different results

e their questioning the wave interference due to the second slit.

» use existing models of walking droplets.

Pucci G. et al., J. Fluid. Mech. 2018.
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Conclusion: no quantum-like diffraction
due to specific hydrodynamic conditions
at the barriers.

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

Conclusion: no quantum-like diffraction.

Giuseppe Pucci
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Our model

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.

Equation of motion

. . Xp particle position h :wave height
mX, + Dx, = —mgCVh(x,,t)
C: average phase of drop impact with respect

inertia + drag = propulsive force from waves to the oscillating wave field

® Walls are modelled as series of secondary sources with inter-source spacing dxr = 0.5\ g
as in Couder & Fort's simulations (2006).

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

H
-03 -02 -0.1 0 01 02

-0.1

-0.2

s 0 5
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System dissipative —> focus on the near field (a few wavelengths away from the barrier)
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Diffraction from an edge

Walkers Quantum particles
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= PDF of walkers vs. probability
density of quantum particles

y=A
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04 plz.y=Ar) W.x’.y = .)‘)‘.2 - = Wavelike behavior observed

(b) ' - on the PDF of walkers.
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= PDF of walkers oscillate on A\p /2
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T/ \p (de Broglie wavelength)
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Diffraction from an edge: mechanism
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Diffraction past a single slit
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Conclusions on diffraction

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

Y/ Ar

= We have used a hydrodynamic pilot-wave 5 : ! sAe 55 ulae
model to investigate walker diffraction by i
linear barriers. Walkers Quantum particles
E 0001 002 >0025 0 05 1 15
= I (p(z,y) ) T ] Y
10 10 .“

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

= We found wavelike particle statistics,

qualitatively similar to quantum particles. o

0.02

0.01

= We have rationalized single-particle diffraction in
terms of wavefield generated by the barriers,

which creates a transient potential for the particle.

-0.01

-0.02

-0.03

= 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

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

e \Jis the probability wave, as prescribed by standard quantum theory

® areal physical wave is generated by internal particle vibration

(Zitterbewegung) at the Compton frequency: 5
mocC

h

We —

o« Y4B — ’\Ide| ei(b/h is the real physical wave solution of Klein-Gordon
equation, responsible for guiding the particle

® itis a monochromatic standing wave in the particle frame of reference

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

p = mfcp = V¢ = hk for a monochromatic wave \IJdB — ‘\deB|ei(k-x—wt)

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

de Broglie, L. Ondes et mouvements (1926). / Non-linear wave mechanics: a causal interpretation (1960). Giuseppe Pucci | 65



de Broglie’s pilot-wave theory vs. walkers

= fast dynamics: mass oscillations at

2
mMoC .
W, = 0 creates wave field

h

centered on particle

= intermediate pilot-wave dynamics:

particle rides its guiding wave field

= long-term statistical behavior described

by standard quantum theory

Giuseppe Pucci | 66
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