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Why does such a successful theory like Quantum Mechanics have so many mysteries? The history of this
theory is replete with dubious interpretations and controversies, and yet a knowledge of its predictions, however,
contributed to the amazing technological revolution of the last hundred years. In its very beginning Einstein
pointed out that there was something missing, due to contradictions with the relativity theory. So, even though
Quantum Mechanics explains all the nanoscale physical phenomena, there were many attempts to find a way to
“complete” it, e.g. hidden-variable theories. In this paper, we discuss some of those enigmas, with special attention
to the concepts of physical reality imposed by quantum mechanics, the role of the observer, prediction limits,
a definition of collapse, and how to deal with correlated states (the basic strategy for quantum computers and
quantum teleportation). That discussion is carried out within the framework of accepting that there is in fact
nothing important missing, rather we are just restricted by the limitations imposed by quantum mechanics. The
mysteries are thus explained by a proper interpretation of those limitations, which is achieved by introducing two

interpretation rules within the Copenhagen paradigm.
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In the series “Cosmos: Possible Worlds” [1], Neil
deGrasse Tyson, presenting the double slit experiment
for photons, says: “On the smallest possible scale that
we’ve ever discovered, the quantum universe, the mere
act of observation changes reality”. This interpretation
can be misleading, but it is very present in physics classes
all over the world. Indeed, it brings us back to the
well considered and famous Schréodinger’s cat dilemma:
can the cat be in a mixed state of dead and alive?
The interpretation given by the Cosmos show, seen
by millions of people, by itself justifies the discussion
below. Furthermore, one of the most puzzling mysteries
of quantum mechanics is in entangled particle systems.
For these systems, Einstein created the term “spooky
action at a distance”, which can be put in the following
terms, if information is instantly transmitted between
correlated particles, it would be in direct confronta-
tion with special relativity theory. This was published
in Einstein et al’s famous article [2], entitled “Can
Quantum-Mechanical Description of Physical Reality Be
Considered Complete?”; followed by one with the same
title by N. Bohr [3], defending a different vision. Another
motivation for this paper is examining the mystery of
collapses of wave functions in quantum mechanics.

All the aforementioned difficulties in interpreting
the outcomes of quantum mechanics inspired several
attempts to complete the theory. We mention here
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only some of them, such as another famous paper by
D. Bohm, entitled “A Suggested Interpretation of the
Quantum Theory in Terms of ‘Hidden’ Variables” [4],
the Many-Words interpretation [5], and more recently,
the QBism interpretation [6l [7]. In 1964, for entangled
particles, Bell [§] proposed an inequality theorem, based
on the hidden variables assumption in a paper entitled
“On the Einstein-Podolsky-Rosen Paradox”, and later
experiments [9] have shown that Quantum Mechanics
in fact gives the right predictions, but this did not
stop the interpretation discussions. A nice debate about
these interpretations (just to mention that the mysteries
interpretations are still very much “alive”) can be found
in the World Science Festival, “Measure for Measure:
Quantum Physics and Reality”, a debate moderated
by Brian Greene with David Z. Albert, Sean Carroll,
Sheldon Goldstein, and Ruédiger Schack [10].

Quantum Mechanics is a very well established theory,
and we will assume that the reader is familiar with
some of the most common text books that describe
it. References [IIHIG] are a few examples (used at our
university), but there exist many others. All these books
follow what is known as the Copenhagen paradigm. We
will not make a revision of the theory here, and we will
cite and use known aspects of it without any formality.

The Copenhagen Interpretation of Quantum Mechan-
ics was originally proposed by Niels Bohr and Werner
Heisenberg. It establishes that the mathematical foun-
dation and the physical assumptions of Quantum The-
ory indeed form a closed theory, no longer susceptible
to any modification. In this sense, the Copenhagen
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Interpretation assumes that Quantum Mechanics is
intrinsically non-deterministic and does not intend to
explain what physically happens during the wave func-
tion collapse. In this paper we defend the same position,
arguing that Quantum theory cannot be explained from
a realist point of view. Instead we need to accept the
deterministic limitations of the theory and rely on a
mathematical model that describes all the results that
can be observed in a quantum system with a wave
function representing the probabilities for each outcome
of a measurement.

The historical heart of the theory can be repre-
sented by the time-dependent Schrédinger equation for
a particle:

ihﬁlll(ﬁ t)

ot
where (7, t) is the wave function of the particle in
the time ¢ and H is the Hamiltonian (it describes
the environment of the particle). The wave function
is a map of possibilities of what can happen to the
particle. This equation allows the prediction of the future
of the wave function, (7, t), at t, if we know this
wave function, ¥(7, ), at a particular time ty. The
idea of predicting the future of a particle, knowing its
environment and its initial state (position and velocity
of the particle at time tp), came from Isaac Newton’s
classical equations (which can be written in different
forms, as the Lagrangian equations, derived from the
principle of least action, the Hamilton-Jacobi equations,
and others). Wave equations, like Eq. , spoil the
classical logic. Uncertainty relations, inherent to wave
equations, prohibit the precise knowledge of the posi-
tion and velocity of a particle at the same time. The
Schrédinger equation predicts no specific trajectories,
only combinations of all possible trajectories (like in
the Feynman formalism [I1]). The most you can get is
the knowledge of the wave function in the future and
everything you can extract from it. To solve Eq.
you need the Hamiltonian and the wave function in
a particular time of your choice (the initial state).
Academic Hamiltonians are relatively easy to assemble
and the task is made even easier if the quantum problem
has a classical analog. Real Hamiltonians, containing
all sorts of traps and structures of the real world that
can interact with the particle, are often too difficult to
write so that we impose simplifications taking us towards
the academic Hamiltonians, but always aiming to be
good approximations of the real Hamiltonians. On the
other hand, the initial state is impossible to determine
without you or somebody (or something) interfering in
the system. The collapse of the wave function, as being
due to measurement, is well accepted in the Copenhagen
paradigm of Quantum Mechanics.

This leads us to our first interpretation rule: there
is no way you can determine the initial state of a
particle beforehand, unless (i) you have interfered in
the system, by making a measurement of a particular

= HY(7,1), (1)
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observable that causes the collapse of the original state
to an eigenstate of your observable or (ii) because nature
(the environment) has collapsecﬂ the original state to a
particular eigenstate of some observable, and you know
which one it is. Either way you have no idea about the
original state (the state prior to any of these collapses)
of the system.

A good example for this rule is the oven of silver
atoms in the Stern-Gerlach experiment [I6]. There is
nothing you can do to learn which spin state a given
silver atom is in, when it leaves the oven. Any attempt
to measure the spin of the atom will collapse the original
state into an eigenstate associated with the value of your
measurement. The only information acquired about the
original state, after you have performed a measurement,
is that it had the component associated with your result.
As discussed further on, this first rule will explain the
spooky action at a distance mystery [2] of correlated
(entangled) particles.

You could argue that you know how to get the
stationary states from Eq. , and that the future of
these states is very simple to predict since (7 t) =
e~ (1=10)4) (7, ty). Indeed, systems in stationary states
are in a kind of quantum mechanics frozen reality. This
follows as the wave functions at different times differ
among themselves only by a phase factor, that does
not affect any prediction about the system. Hence, if
you know that the system has collapsed to a particular
stationary state, it will be there forever (unless the
environment acts on it, like the broadening of the
electronic lines of an excited atom, due to local and
non-local effects, that will eventually take the system
to its ground state — in this case you have a collapse
due to the environment that nobody needs to observe
for it to happen). Stationary states, even for continuum
states, might thus be considered as boring because they
represent a frozen situation. Consider, for example, the
free-particle wave function (7, t) = e~ (t=to)ciP7/h,
This free-particle solution is obtained by assuming a
very simplified scenario, in which there is nothing in
the universe besides the free particle and that the
space is homogeneous. Even the probability flux of this
situation behaves as a homogeneous river pointing in the
k direction. The situation gets more elaborate if you look
for a solution for the scattering of this particle against a
target with structure (i.e. possessing internal degrees of
freedom). In this case, you can get probability fluxes for
all processes due to the collision of the particle against
the structured target. For this you have to include the
structured target and its interaction with the particle
in the Hamiltonian, with the solution showing that
the outgoing particle may leave the target in any of
the energetically possible states. You don’t know which
process will take place, but you know the probabilities
(related to the cross sections) of each one.

I In the discussion about collapses, we give several examples.
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If you want to develop intuition for more abrupt
changes in reality (with respect to time), such as col-
lapses of the wave function, you must first place the
particle in a particular region and throw it against
the structured target, for instance, the apparatus of a
two slit interference experiment. For this you need a
combination of free solutions (which is also a solution),
where the combination places the particle within a wave
packet centered at a particular position. This packet
center, not the particle, follows a classical trajectory (the
same as the classical free particle), and the particle, of
course, can only be found inside the wave packet. For
a proper description of this problem, the Hamiltonian
of the system must contain the barrier and the free
passage through the two slits. Suppose we have sufficient
detectors (described in our Hamiltonian), so that the
particle can be detected if it bounces back or if it hits
any place of the barrier. This set of detectors is thus
triggered only if the particle does not go through one of
the slits. If the particle’s collision against the detectors
causes a click, the absence of clicks would mean that
the incident wave packet became two small packets
emerging from the slits. If you now place a sensitive
screen in front of these combined wave packets, you will
produce a mark in this screen. Where? Wherever the
combination of the two packets is different from zero. For
each particle, we will have only one mark on the screen.
The repetition of this experiment, however, ultimately
gives the well known interference pattern of the double-
slit experiment and it appears only if the wave packet
goes through both slits. If the act of an observer were
to block one of the slits, the interference pattern would
disappear. If a particle interacts with the environment
(suppose that this may happen only when it passes
through one of the slits) the interference pattern also
disappears, no matter if it is being observed or not. The
interaction with the environment represents a collapse,
which ensures that the particle really passed through
one of the slits. Hence the mark on the screen of a
single particle experiment represents another collapse
of the wave function. If it happens in one place, it
cannot happen in any other place. There are no inter-
ference effects without diffraction. So the observer in
the double-slit experiment must be at least destroying
(reshaping) the diffraction pattern, due to each slit, in
order to remove the interference pattern. This can be
done by focusing the beam, or something else, that
changes the photon/electron wave packet or/and the
Hamiltonian.

This leads us to our second important interpretation
rule, which is: the wave function is just a map of pos-
sibilities and probabilities. The environment (described
by the Hamiltonian) shapes the wave packet, but the
wave packet does not change the environment. Only
the particle (inside the packet) can interact with the
environment, and when that happens you have a collapse
of the wave packet.

DOI: https://doi.org/10.1590/1806-9126-RBEF-2021-0433

€20210433-3

Following this interpretation rule, in general, when a
measurement occurs, the map of possibilities zeroes out
for all outcomes except the one revealed by the measure-
ment. For position measurements, the map (this human
invention) of probabilities and possibilities zeroes out
everywhere, except in the region where the interaction
with the environment took place. Collapses, however, are
not predicted by the theory. The theory only predicts the
probability of a certain collapse to take place.

The concept of environment can be narrowed down
to the presence of another particle. In this case, each
of two wave packets of two particles can be shaped
by the other particle as predicted by the interpreta-
tion rule. Schrodinger’s equation gives us the resulting
dynamic map of probabilities of these particles after the
encounter.

Good examples [111 [I7] of Hamiltonians shaping the
packets (in this case split packets), are the Aharonov-
Bohm effect experiment and the gravity-induced quan-
tum interference experiment. Now, let us use the above
discussion to reinterpret the Schrodinger’s cat experi-
ment, to discuss the phenomenon of correlation between
two particles, and take a short look at the collapses.

1. Schrodinger’s Cat

Let us look at this with the help of the Stern-Gerlach
experiment. We have a poor cat inside a closed cage,
tubed to receive gas from two possible triggers. Outside
we have an oven expelling silver atoms and a Stern-
Gerlach apparatus. One single atom enters the appa-
ratus, and we have no a priori idea if it will move
up or down along the strongly varying magnetic field.
After going through the apparatus the associated wave
packet is split in two. If the particle goes up, it triggers
(very sensitive multiplier) a cat enjoyable perfume. If it
goes down, it conversely triggers the Schrodinger deadly
poison gas.

Our dynamic map says that the split packet hits the
two triggers at about the same time, but only the particle
(rule 2) in one of them interacts with the system. The
interpretation problem is solved by assuming that a
colapse must take place in order for the particle affect the
cat. Thus, the cat has never been in a mixed dead/alive
state, it will be either dead or alive depending on where
the collapse occurs, i.e., where the interaction between
the particle and the system occurs. Note that if we
replace the cat by a particle with spin, the assumed
colapse will not transfer any information associated to
the original split packet to the spin state (a decoherence
effect happens due to the collapse). When your detector
finds a particle you don’t even know (rule 1) if you had
a split packet before the detection. The collapse can
happen instantly, respecting special relativity, because it
does not carry any information. Although you can induce
collapses, exact predictions of where it is going to happen
are not defined by Eq. . This equation only provides
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the quantum mechanics probabilistic rules. Hence the
theory seems to be complete, so that we just have to
accept these imposed limitations to predict the future.

2. Correlation Between Two Particles

The simplest case is a positronium atom in its ground
state (singlet state, total spin equals zero — if one
particle has spin up, in any direction, the other has spin
down in the same direction). If the atom is now taken
apart (ionized), without changing the total angular
momentum, we have the well-established situation: if the
positron has spin up (down) the electron has spin down
(up), as long as they are measured in the same direction.
The first important question derived from the above
discussion is: after the particles have been separated, can
you tell that the system is really correlated by making
any kind of measurement on the positron or electron
particles? According to our interpretation rule 1, the
answer is NO. If you measure one particle with spin
up and the other spin down, your only conclusion is
that this collapsed state was part of the original state.
When you measure the spin of one of the particles,
the result you get is one of the results you would get
from an uncorrelated system. You cannot say anything
about the other particle, without being sure that the
system is correlated. This argument by itself addresses
Einstein’s concerns about the non-locality of quantum
mechanics, as no message (information) is transmitted.
The preparation of the system involves a collapse with
the following properties: (1) the overall singlet state
ensures that one spin particle is up and the other
is down, if measured in the same direction; (2) the
separation ensures that only one particle will be found
on each location. The map (initial state) could be
represented by two wave packets of spin up and down
on each location (for any, but the same, direction). Note
that if the direction of measurement is not the same, any
information revealed by the collapse becomes irrelevant
to the other measurement. For a given direction, if you
find spin up at one location, the spin down packet
disappears at that location (i.e. there can be only one
particle on each side). The packet with spin up at
the other location also disappears (as one is spin up
the other is spin down). The new map, due to the
measurement (new collapse), is the spin down on the
other side and it must contain a particle. If you want to
consider the particle separation process, imagine the pair
being created in the same position (i.e. a positronium
formation in the singlet state). This state [II] can be
written as:

|spin singlet) = —(|2+;2—) — |2—; 2+)), (2)

and has the same form for any orientation. Suppose now
a general rotation represented by € around the y-axis
and ¢ around the z-axis. This gives that the same state

Revista Brasileira de Ensino de Fisica, vol. 44, €20210433, 2022

Demystifying Quantum Mechanics

(differing at most by a phase factor) can be written, with
the help of the kets, in the n(6, ¢) direction, by:

L
V2

This analysis shows thatﬂ at the birth of a singlet
state of positronium (where the two particles are in
the same position), if you measure the spin of one
particle, in any direction, the other particle will have the
opposite spin in the same direction. If you now impose
a Hamiltonian that separates the particles with no
spin dependencies, the spin map will be preserved. The
change in the probability map, caused by a measurement
on one of the separated particles, collapses the wave
function instantaneously, without any information trans-
mitted between the particles. Besides, you can only store
and retrieve important information from this situation
if you know that the system is correlated and that no
dissipative Hamiltonian’s act on it. This lies at the heart
of quantum computing and quantum teleportation.

|spin singlet) = —(|h+;h—) — [A—;0+)).  (3)

3. Collapses

Finally, let us understand that collapses happen all the
time without any observer. In the beginning of the
universe we had a hot plasma, and eventually electrons
and protons, with their huge wave packets, found each
other to form Hydrogen atoms. Nobody was observing
this. If you “throw” a high energy electron against a
gas or a surface, it will ionize along its path. Every
collision can cause a collapse of the wave function until
the electron is stopped and trapped, forming an atomic
or molecular anion (the final situation if nothing else
happens). In the case of Schrodinger’s cat, the collapse
does not occur when the box is opened, but in the fact
that, invariably, the silver atom hits only one of the
triggers and the state is collapsed. Gravitational fields
reshape wave packets all the time (star formation is
a good example), and again, no observer is necessary.
The observer in the double slit experiment can destroy
the interference pattern by acting on the map of prob-
abilities and/or causing collapses, but it is important
to remember that nature (the environment) does this
all the time and quantum mechanics imposes tough but
clear rules to predict where they can be.

4. Conclusion

Einstein said: “I cannot seriously believe in (The Quan-
tum Theory) because it cannot be reconciled with the

2 Since the state of the system can be generally written as in
Eq. , if one wants to measure the spin along the i’ direction,
the easiest way to predict what is going to happen is to write the
initial state as |spin singlet) = %ﬂﬁ’—l—; n’'—)—|n’—;n’+)). In this
case, it is clear (done, for instance, in Ref. [I1]), using Eq. ), that
the measurement of the spin of particle one collapses the state to
either the |n'+;n’—) or |’ —; H/+) state. The collapsed map says,
if one find +4/2 the other will find —h/2 and vice-versa.

DOI: https://doi.org/10.1590/1806-9126-RBEF-2021-0433



Barioni et al.

idea that physics should represent a reality in time and in
space, free from spooky actions at a distance”. However,
the break of Bell’s inequality theorem supported the
Quantum Mechanics’ predictions. Reality in time and
space may suggest that a possible hidden variable theory
could reveal a particular path between two points, where
this path is one of the (all possible) paths given by
the Feynman formalism. The path integral formalism
is only equivalent to the Schrédinger equation if all
possible paths (in the probability map) are taken into
account. We therefore conclude that quantum mechanics
is complete. We just need to assume the limitations
of the theory: it furnishes only a map of probabilities.
It can even predict a map of possible collapses. The
collapse trigger remains a mystery and, by assuming the
non-existence of hidden variables (if we accept that the
theory is complete), the question where is the particle
before the collapse (main origin of the mysticism) does
not make sense. For this, we only need to deal with the
idea that we cannot know everything. Our interpretation
rules 1 and 2 support this concept, clarifying the so-
called mysteries and thus helping to demystify quantum
mechanics.
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