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Classical vs Quantum

I How to understand quantum physics?

What is quantum mechanics like, you ask?

Well, you know classical theories, right?

Then let’s try to explain quantum mechanics by
comparing and contrasting it with classical theories!
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I How to understand quantum physics?

What is quantum mechanics like, you ask?

Well, you know classical theories, right?

Then let’s try to explain quantum mechanics by
comparing and contrasting it with classical theories!

I Wait! Do we actually know classical theories?



Classical “vibes”: some examples

I (Local / Macro / ... ) Realism

A system with two or more distinct states available to it will
at all times be in one or the other of these states. [1]

I Non-invasiveness (of measurement)

It is possible, in principle, to determine the state of the system
with arbitrarily small perturbation on its subsequent dynamics. 11

I Non-contextuality

Observables may be simultaneously assigned definite values. 12

[1] C. Emary, N. Lambert, F. Nori, ,Leggett-Garg Inequalities,” Rep. Prog. Phys. 77, 016001 (2014)
[2] Wikipedia contributors, "Quantum contextuality," Wikipedia, The Free Encyclopedia
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I (Local / Macro / ... ) Realism

A system with two or more distinct states available to it will
at all times be in one or the other of these states. [1]

I Non-invasiveness (of measurement)

It is possible, in principle, to determine the state of the system
with arbitrarily small perturbation on its subsequent dynamics. 11

I Non-contextuality

Observables may be simultaneously assigned definite values. 12

I How can we be more concrete? Look for a meta-theory of classical theories...

[1] C. Emary, N. Lambert, F. Nori, ,Leggett-Garg Inequalities,” Rep. Prog. Phys. 77, 016001 (2014)
[2] Wikipedia contributors, "Quantum contextuality," Wikipedia, The Free Encyclopedia
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The Bell’s question

|s quantum mechanics a classical theory in disguise?

Consider a pair of spin one-half particles formed somehow in the singlet spin state and moving freely in
opposite directions. Measurements can be made, say by Stern-Gerlach magnets, on selected components of
the Spins 04 and os. If measurement of the component a-o4, where a is some unit vector, yields the value +1
then, according to quantum mechanics, measurement of a-os must yield the value -1 and vice versa.

[Now assume] that if the two measurements are made at places remote from one another the orientation of
one magnet does not influence the result obtained with the other. Since we can predict in advance the result of
measuring any chosen component of o, by previously measuring the same component of o4, it follows that
the result of any such measurement must actually be predetermined. Since the initial qguantum mechanical
wave function does not determine the result of an individual measurement, this predetermination implies the
possibility of a more complete specification of the state.

Let this more complete specification be effected by means of parameters A. It is a matter of indifference in the
following whether A denotes a single variable or a set, or even a set of functions, and whether the variables
are discrete or continuous. However, we write as if A were a single continuous parameter.

The result A of measuring a-o4 is then determined by a and A, and the result B of measuring b-o; in the same
instance is determined by b and A. If P(A) is the probability distribution of A then the expectation value of the
product of the two components a-04 and b-os is

/ Ay (\) By (A) P(\)dA

[1]1J. S. Bell, ,On the Einstein--Podolsky--Rosen paradox,” Physics Physique Fizika 1, 195-200 (1964)
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> A meta-theoretical statement!

I Bell’s theorem: Indirect proof that this model doesn’t fit quantum mechanics.
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I What is reformulation?

[Physical Theory) ?é [ Formalism ]

e.g., Classical Mechanics:

Newton Formulation Hamilton Formulation
mi = F(r, t,1) i = IH(q, p) = ~ OH(q,p)
Op dq

I Where do reformulations come from?

e.g., the Phenomenological method [1,2]:

Inputs: v x "
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[11 P.S., D.Lonigro, F.Sakuldee, t.Cywinski, D.Chruscinski, ,Phenomenological quantum mechanics |: phenomenology of quantum observables,” arXiv 2410.14410
[2] P.S., D.Lonigro, F.Sakuldee, t.Cywinski, D.Chruscinski, ,Phenomenological quantum mechanics Il: deducing the formalism from experimental observations,” arXiv 2507.04812
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[Physical Theory) ?é [ Formalism ]
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Meta-theorist’s toolkit: Viaster Object and Interpretation

I The Master Object of theory

%}
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The source of all ‘'useful’ objects, a.k.a., the Master Object

All the ‘useful’ and ‘needed’ formulae / formal objects

o

I Interpretation

X Interpretation User’s experience:

of results
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I Uni-trajectory formalism
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reformulated as a uni-trajectory theory.



Classical theory = (Uni-)trajectory theory

I Uni-trajectory formalism
[7,'? Master Object) = P[ 6]

| Probability distribution functional | (Uni-)Trajectory | Interpretations
Positive: Normalized: t G(t) Probability of measuring a sequence:
P[e] =0 /P[e][De] =1 With suitable generalizations, e.g.: Pin (x ) = O iy p[e][De]
- . t, \Zn i, Xi(e(ti))
(t,7) = E(t, ) i=1

I Let’'s elevate the Bell’'s idea

The theory is Classical when it can be
reformulated as a uni-trajectory theory.

From Equations of Motion to uni-trajectory formalism:

P[e] X e—S[G] Action



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[iﬁ( Master Object) — Q[ ¢+, (T ]

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[i‘( Master Object) — Q[ ¢+, (T ]

| Complex-valued distribution functional

N lized:
ormates // QLo v DDy ] = 1

Positive semi-definite:

[ 717071 Qv o et iDe ] 2 0

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[i‘( Master Object) — Q[ ¢+, (T ]

| Complex-valued distribution functional | Bi-trajectory

e //Q[W,w‘][DWHDw‘] 1 (t,U) = (07, U), ¢ (t,0)) € {1,....a°
Positive semi-definite:

[ 717071 Qv o et iDe ] 2 0

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[i‘( Master Object) — Q[ ¢+, (T ]

| Complex-valued distribution functional | Bi-trajectory
Normalized: / O+ 4 DYDY = 1 (t, (j) — (¢+(t, (A]),zp‘(t, U)) c{1,...,d}?
Positive semi-definite: Unltary basis transformations:
// [T 2] Qv ¢~ |[DyT][DyT] > X = ZX YUY (0|

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[i‘( Master Object) — Q[ ¢+, (T ]

| Complex-valued distribution functional | Bi-trajectory
Normalized: / O+ 4 DYDY = 1 (t, (j) — (¢+(t, (A]),zp‘(t, U)) c{1,...,d}?
Positive semi-definite: Unltary basis transformations:
/ [T 2] Qv ¢~ |[DyT][DyT] > X = ZX YUY (0|

| Interpretations

The probability of measuring a sequence:

fn@jn) - ﬂ{H5l’i,Xi(¢+(ti,Ui))5xi7Xi(¢_(ti;Ui))}Q[¢+7 @D_HD’Q/J—{_] [D¢_]

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[i‘( Master Object) — Q[ ¢+, (T ]

| Complex-valued distribution functional | Bi-trajectory
Normalized: //Q[MM][DW][DM] _, (t, (j) — (¢+(t, (A]),zp‘(t, U)) c{1,...,d}?
Positive semi-definite: Unltary basis transformations:
/ W12~ Qv ¢~ |[DyT][Dy] > X = ZX YUY (0|

| Interpretations

The probability of measuring a sequence: / > Wt

f”@n) = //{ﬁ5&7¢,X¢(¢+(ti,f]¢))5xi,Xi('¢_(ti;Ui))}Q[¢+7 7] [DYT][DYT] ~ @*@%}qﬂ
- s ts

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



[1,2,3]

Quantum theory = Bi-trajectory theory

I Bi-trajectory formalism

[i‘( Master Object) — Q[ ¢+, (T ]

| Complex-valued distribution functional | Bi-trajectory
Normalized: / O+ 4 DYDY = 1 (t, (j) — (¢+(t, (A]),zp‘(t, U)) c{1,...,d}?
Positive semi-definite: Unltary basis transformations:
/ W12~ Qv ¢~ |[DyT][Dy] > X = ZX YUY (0|

| Interpretations

The probability of measuring a sequence: +
() // {f[5 g }Qlw, w7 Dyt DY) ‘Q’f\}@]‘/}w
L L) = x, X (T :0:)) %23, X5 (4~ i;Ai ? ~ -
. S IR CRS) t\/t FM
3 2 1

Multi-time correlations:
<[X(t2>7 Y(tl)]> - //{X(w+(t27 [jﬂﬁ))y(w+(t17 Uy))_X(w_(t% O}J)Y(lﬂ (tl’ )> }Q[¢+ w ][Dw+][Dw_]

[1] arXiv 2410.14410; [2] arXiv 2507.04812; [3] P.S., ,Foundations of Quantum Theory,” http://www.theory.ifpan.edu.pl/?class=24/1/foundgm/pszan



“Classical vibes” explained (and compared with QM!)

I (Local / Macro / ... ) Realism

A system with two or more distinct states available to it will
at all times be in one or the other of these states.

I Non-invasiveness (of measurement)

It is possible, in principle, to determine the state of the system
with arbitrarily small perturbation on its subsequent dynamics.

I Non-contextuality

Observables may be simultaneously assigned definite values.
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| Alternatively, go to the classical limit

QY™ v~ Joc [y — ¢ ]
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Abstract

Even among specialists, quantum mechanics is notorious for being difficult—or even impossible—to understand. The standard
approach to this problem is to explain the numerous idiosyncrasies of quantum theory by comparing and contrasting it with classical
theories. This tried-and-true strategy relies, of course, on our solid understanding of classical theories—contrasting the classical with
the quantum can shed light on the latter only if there are no doubts about the former. However, is our confidence in classical physics
truly justified?

In this talk, | will present a critical examination of our current understanding of classical theories in the context of their comparison
with quantum mechanics. | will argue that this understanding is far from complete, and that much remains to be learned. Finally, | will
outline a systematic strategy for addressing this issue and show that many classical features can, in fact, be best explained through
comparison with quantum mechanics—an ironic turn of events, given the context.
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