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Programma indicativo del corso

Lezione 1

- Teorie pre-gquantistiche

- Introduzione alla localita, all’ontologia e alla misura

- Esempi quantistici: diffrazione, interferenza e stato entangled
- |l problema della misura

Lezione 2

- |l problema della localita

- |l problema dell’ontologia

- L’interpretazione di Copenhagen

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

Lezione 3

- Dualita onda-particella in fisica classica: i walker
- Le nascenti teorie dell’onda pilota (lezione congiunta con A. Cirimele e F.
Greco)

- |l teorema di Bell
Giuseppe Pucci | 2



Le questioni fondamentali che affronteremo

Cosa esiste?

Come si comportano queste cose quando nessuno le sta osservando?

Come si comportano queste cose quando qualcuno le sta osservando?

(Separare queste domande ci indica che stiamo parlando di teoria quantistica).

La funzione d’onda cosa rappresenta?

From the review by Tim Maudlin of the book “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017.
Am. J. Phys. 86, 953 (2018). Giuseppe Pucci | 3



Bohr always would go in for this remark,
‘You cannot really explain it in the
framework of space and time.” By God, I was
determined I was going to explain it in the

framework of space and time.
—John Slater

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 4
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1. I. Newton, Opticks (Dover Publications Inc, New York, 1952)

...It seems probable to me, that God in the Beginning form’d Matter in solid, massy, hard,
impenetrable, moveable Particles, of such Sizes and Figures, and with such other Properties,
and 1n such Proportion to Space, as most conduced to the End for which he form’d them:;
and that these primitive Particles being Solids, are incomparably harder than any porous
Bodies compounded of them; even so very hard, as never to wear or break 1n pieces.... [A]ll
material Things seem to have been composed of the hard and solid Particles above-mention’d,
variously associated.... [1, pp. 400-2]

Bodies act one upon another by the Attractions of Gravity, Magnetism, and Electricity; and
these Instances shew the Tenor and Course of Nature, and make it not improbable but that

there may be more attractive Powers than these. .... [W]e must learn from the Phaenomena
of Nature what Bodies attract one another, and what are the Laws and Properties of the
Attraction.... The Attractions of Gravity, Magnetism, and Electricity, reach to very sensible
distances, and so have been observed by vulgar Eyes, and there may be others which reach
to so small distances as hitherto escape Observation.... [1, p. 376]
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2. J. Andrew, Newton’s Philosophy, in The Stanford Encyclopedia of Philosophy, ed. by E.N. Zalta
(2009), http://plato.stanford.edu/archives/win2009/entries/newton-philosophy/

It 1s inconceivable that inanimate brute matter should, without the mediation of something
else which is not material, operate upon and affect other matter without mutual contact...
That gravity should be innate, inherent, and essential to matter, so that one body may act
upon another at a distance through a vacuum, without the mediation of anything else, by and
through which their action and force may be conveyed from one to another, is to me so great
an absurdity that I believe no man who has in philosophical matters a competent faculty of

thinking can ever fall into it [2].
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3. A. Einstein, Autobiographical Notes, in Albert Einstein: Philosopher-Scientist, ed. by P.A.
Schilpp (Harper and Row, New York, 1959)

There is [according to relativity ] no such thing as simultaneity of distant events; consequently
there 1s also no such thing as immediate action at a distance in the sense of Newtonian
mechanics [3, p. 61].
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5. A.Einstein, Relativity: The Special and the General Theory (Penguin Classics, New York, 2006)

The success of the Faraday-Maxwell interpretation of electromagnetic action at a distance
resulted in physicists becoming convinced that there are no such things as instantaneous
action at a distance (not involving an intermediary medium) of the type of Newton’s law of
gravitation. According to the theory of relativity, action at a distance with the velocity of
light always takes the place of instananeous action at a distance or of action at a distance
with an infinite velocity of transmission. This 1s connected with the fact that the velocity ¢
plays a fundamental role in this theory [35, p. 47].
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6. J.S. Bell, La Nouvelle Cuisine, reprinted in Speakable and Un‘s'pe'akable in Quantum Mechanics,
2nd edn. (Cambridge University Press, Cambridge, 2004 )

[t is important that [ X ] completely shields off from 1 the overlap of the backward light cones
of 1 and 2. And it is important that events in [X] be specified completely. Otherwise the
traces in region 2 of causes of events in 1 could well supplement whatever else was being
used for calculating probabilities about 1. The hypothesis is that any such information about
2 becomes redundant when [the state of things in 2] 1s specified completely [6].
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m M m

Fig. 1.8 A particle of mass M sits at rest between two particles of mass m that begin at equal
distances from it in opposite directions. Let 1 be a space-time point through which the worldline of
the mass-M particle will pass if everything remains as described. The complete specification, Cy,
of events on a slice, X, across the past-light-cone of 1, is rather simple: the particle is at rest at a
certain point, and nothing else 1s going on! Take x; to be the statement that the mass-M particle
has an acceleration of zero at point 1. Suppose the mass-m particle on the /eft remains permanently
fixed, but the mass-m particle on the right can either be left in place (call that 7 ), or pushed to the
left (sz)~ Then we have that P [x1|Cx, x2] = 1. That 1s, if the mass-m particle on the right remains
fixed, the acceleration of the mass-M particle at point 1 will be zero with certainty. However, if
the particle on the right is pushed to the left, the two gravitational forces on M will no longer add
to zero, and M’s acceleration at 1 will definitely not be zero: P [x 11Cx, sz] = 0. So we have a
violation of Eq. 1.28
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6. J.S. Bell, La Nouvelle Cuisine, reprinted in Speakable and Un‘s'pe'akable in Quantum Mechanics,
2nd edn. (Cambridge University Press, Cambridge, 2004 )

The situation 1s further complicated by the fact that there are things which do go faster than
light. British sovereignty is the classical example. When the Queen dies in London (long may
it be delayed) the Prince of Wales, lecturing on modern architecture in Australia, becomes
instantaneously King. (Greenwich Mean Time rules here.) And there are things like that in
physics. In Maxwell’s theory, the electric and magnetic fields in free space satisty the wave

equation
1 3E _,
1 B _, |
2oz v p=0

...corresponding to propagation with velocity ¢. But the scalar potential, if one chooses to
work in ‘Coulomb gauge’, satisfies Laplace’s equation

—Vz(p =0

...corresponding to propagation with infinite velocity. Because the potentials are only math-
ematical conveniences, and arbitrary to a high degree, made definite only by the imposition
of one convention or another, this infinitely fast propagation of the Coulomb-gauge scalar
potential disturbs no one. Conventions can propagate as fast as may be convenient. But then
we must distinguish in our theory between what i1s convention and what is not [6].
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Y

Fig. 1.9 A schematic measuring device whose probe end (on the /left) can be arranged to interact
with some (perhaps microscopic/invisible) system of interest. The outcome of the measurement is
then registered by the position y of the device’s pointer. This 1s a relatively accurate picture of how
some real measuring devices work, but also captures in essentialized terms an important point about
any kind of measurement: at the end of the day, the outcome is registered in the configuration of
some directly-observable (macroscopic) object (e.g., the position of the hands of a stopwatch, the
distribution of ink on a printout, etc.)

From “Foundations of Quantum Mechanics” by Travis Norsen, Springer 2017. Giuseppe Pucci | 12
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Interpretazioni della meccanica quantistica

Interpretazione Deterministica

Interpretazione di Copenaghen N
0
(Forma d'onda non reale)

Interpretazione statistica N
0
(Forma d'onda non reale)

Interpretazione di Copenaghen
(Forma d'onda reale) No
Teoria oggettiva del collasso

Storie consistenti o
: Agnostica
(Approccio decoerente)
Logica quantistica Agnostica
Molti mondi 3
Si

(Approccio decoerente)
Interpretazione a molte menti Si

Interpretazione di de Broglie-
Bohm Si
(Approccio onda-pilota)

Interpretazione transazionale No
Interpretazione stocastica No
Meccanica quantistica N
0
relazionale
Misure
: No
incomplete

Source: Wikipedia, 20-11-2025

Forma d'onda

reale

No

No

Si

Agnostica’

Agnostica
Si

Si

Si®

Si
No

Si

N°10

Storia
singola

Si

Si

Si

No
Sid
No

No

Si6

Si
Si

Agnostica®

Si

Variabili

nascoste

No

Agnostica

No

No

No

No

No

Si

No
Si

No

No

Collasso

NA

No

Si

No
No
No

No

No

No

si?

Si10

Ruolo
dell'osservatore

NA

Nessuno

Nessuno

Interpretazionale?-
Interpretazionale2
Nessuno

Interpretazionale4
Nessuno

Nessuno

Nessuno

Nessuno

Interpretazionale2
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Diffrazione

Fig. 2.6 Density plot of |W(x, y)|* from Eq.(2.55) illustrating the intensity of a wave, diffracting
as it propagates to the right having emerged from a “Gaussian slit” on the /eft edge of the image
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Interferenza

1 _ (-\'—0)2 . (.\'-+-a)2
lIJ(x, t) o \IJG (x —. t) + \I}G (_x -|— a, Z‘) ~ e 4(02+ih1/2m) + e 4(az+iht/2m)
o2 e iht

2m

1 . (.\'—ﬂ)z . (x+a)2
\Il(x, y) ~ e 402 +ihy/2mv) + e 402 +ihy/2mv)
ihy

2
\/0 5z 2mv

Fig.2.7 Density plot of |W|? from Eq. (2.58). A classic interference pattern emerges in the intensity
of the wave downstream from the “double Gaussian slit” barrier at the /eft edge of the image
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Interferenza di singolo elettrone

A. Tonomura et al. Am. J. Phys. 57(2), 117 (1989). Hanno usato un “biprisma” anziché una doppia fenditura.
In precedenza P. G. Merli, G. F. Missiroli and G. Pozzi. Am. J. Phys. 44, 306 (1976). Giuseppe Pucci | 16




Interferenza di singolo fotone

1000 frames

10 frames 200 frames

I

5000 frames 20'000 frames 100'000 frames

500'000 frames
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Yo yr Y2 Y3

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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1. J.S. Bell, Against ‘Measurement’, reprinted in Speakable and Unspeakable in Quantum
Mechanics, 2nd edn. (Cambridge University Press, Cambridge, 2004)

What exactly qualifies some physical systems to play the role of ‘measurer’? Was the wave-
function of the world waiting to jump for thousands of millions of years until a single-celled
living creature appeared? Or did it have to wait a little longer, for some better qualified
system ... with a Ph.D.? If the theory is to apply to anything but highly idealised laboratory
operations, are we not obliged to admit that more or less ‘measurement-like” processes are
going on more or less all the time, more or less everywhere? Do we not have [quantum]

jumping [1.e., collapse] then all the time? [1]
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2. P.C.W. Davies, R. Brown (eds.), The Ghost in the Atom, interview with J.S. Bell (Cambridge
University Press, Cambridge, 1986)

In an interview, Bell was once asked whether he thought the problems with quan-
tum mechanics were philosophical or experimental. His answer 1s relevant here:

[ think there are professional problems. That is to say, I'm a professional theoretical physicist
and I would like to make a clean theory. And when I look at quantum mechanics I see that
it’s a dirty theory. The formulations of quantum mechanics that you find in the books involve
dividing the world into an observer and an observed, and you are not told where that division
comes — on which side of my spectacles it comes, for example — or at which end of my optic
nerve. You're not told about this division between the observer and the observed. What you
learn in the course of your apprenticeship is that for practical purposes it does not much
matter where you put this division; that the ambiguity is at a level of precision far beyond
human capability of testing. So you have a theory which is fundamentally ambiguous... [2].
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Fig. 3.2 One of the three possible post-measurement states of the particle-in-a-box and measure-
ment apparatus pointer: the wave function of the PIB has “collapsed” to ¢, and the pointer has
moved to position y, indicating that the energy measurement had outcome E»
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3. E. Schrédinger, The preserit situation in quantum mechanics. Naturwissenschaften 23 (1935),

translated by J. Trimmer, in Proceedings of the American Philosophical Society, vol. 124, 10
October 1980 (1980), pp. 323-338

[the 1)-] function has provided quite intuitive and convenient ideas, for instance the ‘cloud
of negative electricity’ around the nucleus, etc. But serious misgivings arise if one notices
that the uncertainty affects macroscopically tangible and visible things, for which the term
‘blurring’ seems simply wrong. The state of a radioactive nucleus is presumably blurred
in such degree and fashion that neither the instant of decay nor the direction, in which
the emitted a-particle leaves the nucleus, 1s well-established. Inside the nucleus, blurring
doesn’t bother us. The emerging particle is described, if one wants to explain intuitively,
as a spherical wave that continuously emanates in all directions from the nucleus and that
impinges continuously on a surrounding luminescent screen over its full expanse. The screen
however does not show a more or less constant uniform surface glow, but rather lights up
at one instant at one spot — or, to honor the truth, it lights up now here, now there, for it
is impossible to do the experiment with only a single radioactive atom. If in place of the
luminescent screen one uses a spatially extended detector, perhaps a gas that is ionised by the
c-particles, one finds the ion pairs arranged along rectilinear columns, that project backwards
on to the bit of radioactive matter from which the «-radiation comes (C.T.R. Wilson’s cloud
chamber tracks, made visible by drops of moisture condensed on the 1ons) [3].
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3 "B Schrédinger, The preserit situation in quantum mechanics. Naturwissenschaften 23 (1935),
translated by J. Trimmer, in Proceedings of the American Philosophical Society, vol. 124, 10

October 1980 (1980), pp. 323-338

One can even set up quite ridiculous cases. A cat is penned up in a steel chamber, along with
the following diabolical device (which must be secured against direct interference by the
cat): in a Geiger counter there is a tiny bit of radioactive substance, so small, that perhaps
in the course of one hour one of the atoms decays, but also, with equal probability, perhaps
none; if it happens, the counter tube discharges and through a relay releases a hammer which
shatters a small flask of hydrocyanic acid. If one has left this entire system to itself for an
hour, one would say that the cat still lives if meanwhile no atom has decayed. The first
atomic decay would have poisoned it. The ¢)-function of the entire system would express
this by having in it the living and the dead cat (pardon the expression) mixed or smeared out
in equal parts [3].
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4. A. Fine, The Shaky Game (University of Chicago Press, Chicago, 1996)

As a bit of historical context, it 1s perhaps interesting to note that in the weeks
leading up to Schrodinger’s submitting the paper containing the cat example, he
was exchanging letters with Einstein. And in one of his letters to Schrodinger (from

August 8, 1935), Einstein suggested an example that illustrates the same basic point
illustrated by the cat:

The system is a substance in chemically unstable equilibrium, perhaps a charge of gunpow-
der that, by means of intrinsic forces, can spontaneously combust, and where the average
life span of the whole setup is a year. In principle this can quite easily be represented
quantum-mechanically. In the beginning the ¢-function characterizes a reasonably well-
defined macroscopic state. But, according to your equation, after the course of a year this
is no longer the case at all. Rather, the ¢>-function then describes a sort of blend of not-yet
and of already-exploded systems. Through no art of interpretation can this ¢ -function be
turned into an adequate description of a real state of affairs; [for] in reality there is just no
intermediary between exploded and not-exploded [4, p. 78].

...your cat shows that we are in complete agreement concerning our assessment of the char-
acter of the current theory. A ¢-function that contains the living as well as the dead cat just
cannot be taken as a description of a real state of affairs. To the contrary, this example shows
exactly that it is reasonable to let the ¢)-function correspond to a statistical ensemble that
contains both systems with live cats and those with dead cats [4, p. 84].
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5. L. Born, trans., The Born—Einstein Letters (Walker and Company, New York, 1971)

[ am as convinced as ever that this most remarkable situation has come about because we
have not yet achieved a complete description of the actual state of affairs.

Of course I admit that such a complete description would not be observable in its entirety in
the individual case, but from a rational point of view one also could not require this....

Best regards from

Yours, A. Einstein [5, pp. 35-6]
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Il gatto di Bell

6. J.S. Bell, The trieste lecture of John Stewart Bell, transcribed by A. Bassi, G.C. Ghirardi. J.
Phys. A: Math. Theor. 40, 2919-2933 (2007)

aAT+[3BF —» AT or BF

({mnt um Source

3 power Source

t milkK source

Fig. 3.4 Bell’s version of Schrodinger’s cat. The state of the radioactive nucleus (A for “not
decayed” and “B” for “decayed”) becomes entangled with the delivery (or not) of milk into the
cat’s dish and thereby also with the size of the cat’s stomach (“7 for “thin” and “F” for “fat”).
From Ref. [6]. Figure © IOP Publishing. Reproduced with permission. All rights reserved. https://
doi.org/10.1088/1751-8121/40/12/S02
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8. A. Einstein, Reply to criticisms, in Albert Einstein: Philosopher-Scientist, ed. by P.A. Schilpp
(1949)

Within the framework of statistical quantum theory there is no such thing as a complete
description of the individual system. More cautiously it might be put as follows: The attempt
to conceive the quantum-theoretical description as the complete description of the individual
systems leads to unnatural theoretical interpretations, which become immediately unneces-
sary if one accepts the interpretation that the description refers to ensembles of systems
and not to individual systems. In that case the whole ‘egg-walking’ performed in order to
avoid the ‘physically real” becomes superfluous. There exists, however, a simple psycho-
logical reason for the fact that this most nearly obvious interpretation is being shunned. For
if the statistical quantum theory does not pretend to describe the individual system (and its
development in time) completely, it appears unavoidable to look elsewhere for a complete
description of the individual system; in doing so it would be clear from the very beginning
that the elements of such a description are not contained within the conceptual scheme of the
statistical quantum theory. With this one would admit that, in principle, this scheme could
not serve as the basis of theoretical physics. Assuming the success of efforts to accomplish a
complete physical description, the statistical quantum theory would, within the framework of
future physics, take an approximately analogous position to the statistical mechanics within
the framework of classical mechanics. I am rather firmly convinced that the development of
theoretical physics will be of this type; but the path will be lengthy and difficult [8, p. 671].
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13. J.S. Bell, Against ‘measurement’, in 62 Years of Uncertainty: Erice, 5—14 August 1989 (Plenum
Publishers, New York); reprinted in Speakable and Unspeakable in Quantum Mechanics (Cam-
bridge University Press, Cambridge, 2004)

There can be no question then of identifying the quantum system S with the whole world
W. There can be no question — without changing the axioms — of getting rid of the shifty
split. Sometimes some authors of ‘quantum measurement’ theories seem to be trying to do
just that. It 1s like a snake trying to swallow itself by the tail. It can be done — up to a point.

But it becomes embarrassing for the spectators even before it becomes uncomfortable for
the snake [13].

3 E. Schrt')dinger, The preseﬁt situation in quantum mechanics. Naturwissenschaften 23 (1935),
translated by J. Trimmer, in Proceedings of the American Philosophical Society, vol. 124, 10
October 1980 (1980), pp. 323-338

any measurement suspends the law that otherwise governs continuous time-dependence of
the 1 -function and brings about in it a quite different change, not governed by any law
but rather dictated by the result of the measurement. But laws of nature differing from the
usual ones cannot apply during a measurement, for objectively viewed it 1s a natural process
like any other, and it cannot interrupt the orderly course of natural events. Since it does
interrupt that of the y-function, the latter ... can not serve ... as an experimentally verifiable
representation of an objective reality [3].
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