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Philosophy of Quantum Mechanics




Quantum Mechanics (QM) is a fundamental physical theory about
atomic-scale processes. It was formulated in the first decades of the

XX century by many of the most distinguished physicists of that time.

The accordance of this theory with experimental results is remarkable.

The physmal mterpretatlon of the different mathematical constructs
- thatappear in the formalism of T Qv h PLEALNS als '| unprecedented




The referents of QM are particular physical systems called
quantum systems. The states of a quantum system are
represented by a non-unigue, normalized, mathematical function
called wave function, defined on a Euclidean 3-dimensional
space. The wave function belongs to an abstract infinite-
d Imension aI com p \ ex fu n C’[I on a\ E pace Cal \ed th e Hllbert S02CE

q "dl‘ \’j ' ,.

b(x) € H



The values of properties of a quantum system can be calculated
with self-adjoint operators A(t) acting upon the corresponding
wave functions. But, unlike classical systems, quantum systems
may Nnot have precise values for its properties. Instead, we can
calculate the average of a certain property by

(VA e P)(IA € A/AZA).




The spread of the average of a given property Is

f the spread is zero, the property is sharp.

Under certain conditions, the values k may constitute a
countable set, I.e. the values of the property may be quantized.



For given an eigenstate of certain self-adjoint operator A(t)
the propensity px of any quantum state to take the value kis

with O<pk<T.

QM has an evolution equation that describes how properties
change with time:

H denotes a particular
operator called
Hamiltonian of the
system.

Heisenberg’s equation




An alternative, equivalent formulation of the theory can be obtained

adopting time-independent operators to represent the properties

and a time-dependent wave function that obeys the Schrodinger’s
equation:

Since the evolution equations are linear the Superposition
Principle holds: any linear combination of solutions is solution.



Axiomatic foundations of QM
(Perez-Bergliaffa, Romero, & Vucetich 1993, 1996)

GROUP I: SPACE AND TIME

A, Ej3 = tridimensional euclidean space.
A. Ej3 = physical space. (SA)

; I = interval of the real line R.

4 1= time interval. (SA)

The relation < that orders T means “before to” V “simultaneous
with”. (SA)
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GROUP II: MICROSYSTEMS AND STATES

Ag L, I: non-empty, denumerable sets.

A, Vo € L, 0 denotes a microsystem. In particular, oy denotes ab-
sence of microsystem. (SA)

Ag VT € L, 0 denotes environment of some system. In particular,
0o denotes the empty environment, < 0,5y > denotes a free
microsystem, and < 0y, 0 > denotes the vacuum. (SA)

Ag V<0,0>€ L X Y, AHe/He =< 8, H, 8’ >= equipped Hilbert
space.

Ao There exists a one-to-one correspondence between physical states
of c € L and rays ¥ C H. (SA)




GROUP III: OPERATORS AND PHYSICAL QUANTITIES

A,; P = non-empty family of functions on .
A,. A = ring of operators on H,.

A,; VA € P, A designates a property of 0 € L. (SA)

A, VA€ P)(3A €A /AZA). (SA)

A,; (Hermiticity and linearity)
(Vo e Z)A (Vt/t = tg with tg fixed) A (VA € A /A=A, A € P)
if 1>, [(W2>e€ He =

1. A:He = He /AN > 422102 >] = AMARD T >+A2AR2 >
with A1,A> € C

2. A=A on K.




A, (Probability densities)
V<o0,5>€ IxI)A (VA €A /A=A, A € P)A (V]a>¢€
H /Ala>= ala>)A (Vb >€ ¥ C K that corresponds to the
state of 0 when it is influenced by 0):

<\V|a>< ajp >= probability density for the property A when o
is associated to ©

(Le. f;l]z <VPla><alp > da is the probability for o to have an
A-value in a1, az)). (SA)




A,, (Vo € ) A(VT € X) the ray ¥ corresponding to a state of ¢ is
the null ray on the border of the accesible region for the system
0+0.

A,s (VoeX) A(VYA € A)A(Va/eivA = a) a is the sole value that

A takes on o, given that A=A. (SA)

Ay h e R,

A,, [h] =LMT .



GROUP IV: SYMMETRIES AND GROUP STRUCTURE

A., (Unitary operators)
V<o0,0>c IxI)ANVA eA/AZA, A € P)if 3U/UT =
0" = A= UTAU2A SA)

A,, V <0,5p>€ L x L3 D(G), unitary ray representation of some

central non-trivial extension of the universal covering group G
of a Lie group G by a one-dimensional abelian group on H.

A.; The Lie algebra G of the group G is generated by (H, P;, K;, ]A-l} C
A.




A, (Algebra structure)
The structure of G, Lie algebra of G is:

Ji, K;] = theijKx Ji, P;] = itheijkPx

K;, H] = ihP; K;, P;] = ihd;M

~

Ji, H=0 [Ki,K;]=0 [P;,P;]=0 [P;,HI =0
Ji, Ml =0 [KiM]=0 [P, M]=0 [H,M]=0

where M is an element of the Lie algebra of a one-parameter
subgroup (which is used to extend G).

A, G is the Galilei group.




A.¢ H is the time-translations generator.

A,, V<0,6>¢€ ZxZ, eivH = E represents the energy value of ¢
when it is influenced by . (SA)

A.g P; is the generator of spatial translations on the cartesian coordi-
nate axis Xj.

Az V<0,0>€ L X Y eiv 131 = p; represents the i-component of the
linear momentum of o. (SA)




J; is the generator of spatial rotations around the Cartesian
coordinate axis X;.

V <0,0>€ L x X, eiv]; = j; represents the i-component of the
angular momentum of o. (SA)

K; is the generator of pure transformations of Galilei on the axis
X

M has a discrete spectrum of real and positive eigenvalues.

V<0, 0>€LXL eivM = represents the mass of o. (SA)

: V<0,0>€ 2L X f, if )Zi =Df lulzi, then eilv )Zi = X4 represents
the i-component of the position of o. (SA)




GROUP V: GAUGE TRANSFORMATIONS AND ELECTRIC CHARGE

(V<o,6>cZx2)30cA/(Q#DA (IO,Al =0VA € A).

Q has a discrete spectrum of real eigenvalues.

Q is the generator of gauge transformations of the first kind.

¥V <0,5>€ L x %, eivQ = q represents the charge of 0.  (SA)

There exists one and only one normalized state with eiv Q =0,
named the neutral state.

: There exists one and only one normalizable state, named vac-
uum, that is invariant under D(G) and under gauge transforma-
tions of the first kind.

focX eivM = w0, ein = e and <Ao,/z\'> are the com-
ponents of an electromagnetic quadripotential that represents
the action of ¢ # cpon o =

where B has the usual meaning that follows from P, g is speci-

fied in T3 and g is the gyromagnetic factor of the microsystem.




Philosophical issues

Observers: No reference to observers Iin the axiomatic base. Then,
observers cannot appear in the theorems. The reference class is formed
by quantum systems and the objects of the background theories.

Heisenberg’s inequalities:

V<oo0>€ IxI)A (Y > H)A (VY {ABCl CA
/A=A, BB, C=Cwith {4, B, C}c P)if [A, B] =iC =

(AA)?(AB)? = |C|?/4.




Corollary: If [X;, P;] = h8;; [ then

~,

AX

Time 1s not an operator!

V<0,0> IxI)A (V> H)A (VA € A /A=A with A €
P)A (YH/[H, A] =iC):

AF[TA = %

with ta = AA/|d <A > /dtl.



Collapse

A semantical axiom that usually appears in the standard formulation of the
theory Is the so-called von Neumman's projection postulate:

‘It the measurement of a physical observable A (with associated operator
A) on a qguantum system in the state |j> gives a real value an, then,
mmedlatel after the measurement, the system evotves trom the state ]n>

b, <1=. ‘«




There is no “collapse” of the wave function in QM. The evolution of
the system after an interaction is surely non-linear and should be
described by a quantum theory of Iinteractions with macro
systems. Such a theory is not general, but dependent on the
modelling of the macro system.




EPR

Albert Einstein, Boris Podolsky and Nathan Rosen
proposed an imaginary experiment with the aim
of verifying the foundations of Quantum
Mechanics. It Is today known as the EPR
experiment, also known as EPR Paradox.

The physicist Alain Aspect made an experiment
based on the idea of the EPR experiment, and
supposedly the non-local principle was confirmed
by his experiment.

EINSTEIN ATTACKS

QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.




THE INITIAL HYPOTHESES OF THE EPR EXPERIMENT
These were as follows:

The foresights of Quantum Mechanics are righteous
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According to the EPR experiment, if the fundamental backgrounad
of Quantum Mechanics is correct, that would have to imply the
existence of non-local interactions in Nature. This means that two
particles could “interact” instantaneously without a signal being
transmitted from one to another. In another words, if Quantum

I\/Iechamcs |s correct, this |mp\|es that Nature Works by glelgh \oca\
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The physicist John Bell proposed a theorem, known as Bell's inequality,
according to which any theory that attempts to describe reality and
which, by satisfying the hypotheses “a” and “c”, necessarily violates
hypothesis "b”, must to be non-local. This theorem implies that theories
based on hidden variables must be discarded.

Later Alain Aspect performed an experiment that supposedly
| Qoohflrmeol Bell's theorem Aspect used photons and aooorollhg to the
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Electrons are prepared in a singlet spin state
? total Spin — 0 (which is conserved) ?

QA—@—»T

¢ If either electron is measured with spin up = +1/2. (red arrow)
the other is always measured with its spin down =-1/2 (red)
The correlation is 100%.




Photons are prepared with opposite circular polarizations
and travel in opposite directions to birefringent crystals

Photons emerge from the polarization analyzers in either
the ordinary ray (red arrow) or the extraordinary ray (blue arrow).
Photons that were entangled at the source again show 100%
correlations when measured independently at A and B.
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Correlation # interaction

Interaction requires a change of state, not its specification. What is no local
are not Interactions but systemic correlations. Hence, there IS no
propagation of superluminal signal. There is no "quantum force”.

S But the fact that QM 1s non-
local does not imply that
Nature 1s non-local.




M

the linear
linear evolution of the physical system, that does not follows
equations of QM.
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| | Xy——=11
Bell's inequality, |

Bell's theorem Yo ——Xe

X1=Y2 & Yo=Xo0 & Xo=Y1 = Xi=Yi

X12Y1 = Xi1#Yo or Yoz Xo or Xo# Yj

P(X1# Y1) < P(Xi % Yo) + P(Yoz Xo) + P(Xo# Yi)

L Pi(X=Y) € PiaX#Y) + Pao(Y2X) + Par(X=Y)

where Pap(...)=P( ... |A=a, B= b)

NB:(probabilistic) Bell inequality is actually just
a simple corollary of a logical implication




