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1 Introduction: Origins of Quantum Mechanics

Descartes [1] had initially proposed that light was made up of particles in 1637, later elaborated by
Newton [2] in 1704 and called corpuscles. Newton theorized that various colors of light arise from
different particles, each carrying a color. On the other hand Hooke [3] and Huygens [4] had both

proposed the mechanical wave theory of light as early as in late 17

century. It was Huygens’s idea
of there being a hypothetical medium called luminiferous aether, through which the (longitudinal)
mechanical waves of light could propagate, like sound waves though air or waves on water. Both
the particle and wave theories of light could explain the phenomena of reflection (bouncing of light

off surfaces like mirrors), refraction (bending of light when passing a material boundary, like air

and glass), and dispersion (splitting of light into its constituent colors).

These wave theories of light were later strongly supported by the now famous Young’s “double
slit experiment” [5] in early 19" century. In the original double slit experiment, in actuality, there
were no two slits, but a beam of sun-light was split into two with the help of a paper card, and
the image formed on a screen (onto which the two beams were incident), displayed an alternating
dark and light bands called fringes. These dark and light bands were explained by Young using
interference properties of waves, much like when two water waves collide. The wave theory was
further formalized by the electromagnetic field theory of Maxwell [6], and in fact the unification
of electricity and magnetism into a unified theory of electromagnetism itself deserves a separate

discussion. The early 20"

century saw further experimental glimpses into the nature of light, such
as the Compton effect [7] (where light bounced off [electrons in] materials), and photo-electric
effect [8] (where light incident on materials ejected electrons). The observations of (mechanical)

scattering phenomena brought the particle nature of light back to the fore-front.

Faraday’s observation of electric discharge between two charged plates placed in vacuum [9],
paved way for eventual formal study of “cathode rays” by Goldstein [10] and others. Particularly,
J. J. Thomson [11] showed that these discharge were made up of tiny particles with a specific ratio
between their electric charge and mass, leading to the idea that there could in fact be various other

particles other than light. We today refer to these cathode rays as electrons. Just like light, the
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wave nature of electrons (and matter in a broader perspective) were theorized by de Broglie [12]
in 1924 and only recently observed in a Young double slit type setup, but with electrons instead of
light [13]. Generally, in modern times, this particle-wave duality in both massive materials and in

mass-less light, is well accepted. We will further discuss this later in this article.

The photoelectric effect, observed by Hertz, showed very characteristic behavior where the elec-
trons were only ejected when the wavelength of light was sufficiently low. This behavior was ex-
plained with the help of the idea, that light comes in “quanta” or fixed energy packets, by Einstein
[14] in 1905, and he called these packets, photons. Actually, the idea of “quanta” was introduced by
Max Planck in his famous 1901 paper [15] which explained the radiation from hot (black) bodies.
Similarly, “quantum” ideas were also superbly successful in describing atomic transitions, as laid
out by Bohr [16]. The dawn of 20" is generally accepted as the genesis of Quantum sciences. But,
the discovery of light “quanta” does not yet bring us to Quantum mechanics. Quantum mechanics

is the theory of motion in the framework that the energy comes in packets.

Note that Newtonian mechanics [17] consists of continuous phenomena. But in the “quantum”
realm, the energies of bodies come in packets, making it consist of discrete phenomena. Though
clearly, Planck, Einstein, and Bohr, among others, had used this idea to explain many of the
experimentally observed phenomena, the idea of applying these ideas to a general theory of quantum
mechanics only took form with the works of Heisenberg [19] and Schrodinger [18], in 1925 and 1926,

respectively.

The mechanics governing motion of tiny objects, where the particle-wave duality is most manifest,
shows unusual behavior, often never seen in the realm of human experience. This has lead to a
body of paradoxes, some only seemingly, while others remain challenging to reconcile with, even
today. We will begin this article with a series of paradoxes that have been reconciled with, and
move on to others that remain open to interpretation. We will elaborate on the key aspects of
quantum mechanics (or any other required bit of concept) as and when the need arises. These
paradoxes will directly guide us to the many ways in which one can reconcile with the bizarre
quantum realm, giving rise to the many interpretations of formulation of quantum mechanics.

Even though we will arrive at various interpretations of quantum mechanics, each seemingly able to
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rationalize scientific measurements and observations from its own unique perspective, there in fact
is no [known universal] way to rank the perspectives in order of merit, or generalize to a grander
interpretation encompassing the many. Nonetheless, we will also present the philosophical means

to compare the interpretations.

This article is meant to be reachable to a general audience, so it may over-simplify certain
nuances, and sidestep others. Furthermore, it is meant to present the story in a historical context,
which might mean taking a look at the origins of a particular thought, even if the text reads more
like a popular science article. Also, the text is meant as a stand alone read. So, for the most part,
each discovery or development has been referenced with the primary source (if an expert wanted

to review the narrative here), alas, clearly, a few are stated as is.

2 Paradoxes in Quantum Mechanics

Rohrlich [20] defines a paradox “to be an apparent contradiction that follows from apparently
acceptable assumptions via apparently valid deductions.” A logical progression admits no contra-
dictions, ergo, either the assumptions or the deductions, or both, are not acceptable. Paradoxes,
even apparent ones, can help bring logical gaps to light, if they exist, or, at the very least, provide

a new perspective of understanding the arguments.

Here is a good time to briefly introduce the basic tenets of quantum mechanics. A measurement
is the act of quantifying a state or characteristic of a system. Characteristic descriptors of a physical
object, like a penny, are its mass and dimensions (and so forth), so the act of assigning a numerical
value to any of those descriptors would be measurement. Quantum mechanics is intimately tied to
the act of measurement, as we shall see. Measurement is the first part of the Baconian scientific
method [21], before one can derive reasonable deductions though logic. Note that measurement
can involve assigning a continuous numerical value, like when an event occurred in terms of time,
which could be any finite value. The point being that, there are an infinite choices with regard to
what time we assign an event. The choice of where one starts the clock, after which the event is

measured is arbitrary. Then, there are clearly discrete measurements, for example, the outcome

4
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of a coil flip, which can only be heads or tails. It is the later kind of measurement we are more

concerned with in quantum mechanics.

Given the possible outcomes of a measurement, quantum mechanics assigns a probability to each
of these outcomes. Note that, the probabilities may evolve over time; probability assigned to one
of the outcomes may interact with the probabilities assigned to one or more other outcomes; and
of course the act of measuring itself may change the relevant probabilities. All of these aspects of

quantum mechanics are nuanced and have tangible affect(s) on the act of measurement.

That brings us back to Rohrlich, who further goes on to say that paradoxes may often arise from
thought experiments, experiments that are only imagined, in order to understand the flow of logic,
or gain a new perspective. For example, there is a way to test Aristotelian idea, that heavier objects
fall to the ground faster than the lighter ones if dropped from the same height, with the help of
a thought experiment. Let us first assume that Aristotle is indeed true that heavier objects fall
to the ground faster than the lighter ones if dropped from the same height. Then, let us imagine
that we tied the two stones together, and dropped them from the same height as in prior cases.
One could think that the resulting time that this new composite stone takes to drop is between the
time that each of the stones took to drop on their own. Or in contradiction, one could also imagine
that the composite stone is heavier than each of the individual ones independently, and therefore,
according to Aristotle, may take less time than the time that the heaviest stone took to drop. We
now know that it takes the same amount of time for a body to fall through a height, regardless of
their mass, accounting for air drag. The reality is in fact between the two outcomes of the thought
experiment, where in one case the heavier stone was retarded when tied together with a lighter

one, and in another case accelerated.

Sometimes, further investigations may lead to a resolution of a paradox, which then makes the
original paradox only an apparent one. On the other hand, a paradox may in fact be a true paradox.
A true paradox does not necessarily mean that there is a gap in our understanding, it may in fact
be a matter of perspective. Nonetheless, we may not have gotten to a point in our understanding
where one could resolve an apparent paradox. Many of the paradoxes discussed here arise from

thought experiments. With our state of the understanding today, Rohrlich distinguishes between



Interpretations of QM MohanMurthy

true and apparent paradoxes, and in keeping with the source, we will discuss seven paradoxes, the

first three including apparent ones, and the last four being open to interpretation:
1. Atom Collapse
2. Complementarity: Position and Momentum
3. Complementarity: Energy and Time
4. Quantum Zeno’s Paradox
5. EPR Paradox
6. Wave Function Collapse
7. Schrodinger’s Cat

We will now discuss each of the paradoxes, courtesy Aharonov and Rohrlich [20].

2.1 Atom Collapse

Rutherford and his colleagues (Geiger and Marsden) had pioneered scattering experiments to study
the structure of atom and materials in general [22]. In this paper, they scattered alpha particles
coming from an isotope of Radium, ??°Ra, off a gold foil. Note that the atomic masses of alpha
particles, 4, and gold atoms 197, was well known by 1900s. We now know that Alpha particles are
Helium atoms whose electrons have been stripped, making them a doubly charged species. Though,
it was not yet known by early 1910s, when these experiments were carried out, that charges come
in multiples of charge on the electron [23], the ratios between mass and charge was already well
measured, thanks to work of Thomson and others. So, talking about charge of the alpha particles,
does make sense, in a way, historically.

The results of these experiments were puzzling, and indicated a dense positively charged core,
now called the nucleus, yet the atoms (and thereby the material) were neutral, so a rare negatively
charged cloud must surround the dense core. Maxwell’s electromagnetism also was well known by

1900s, and upon application of electromagnetism to such an atom, with a dense positive core and
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surrounding rare negative cloud, indicated that the negative cloud would collapse onto the positive
core thereby collapsing the atom. This would nullify the existence of any matter at all, indicating
a paradox.

The atom collapse paradox was resolved by Bohr [16], who proposed that if the energy of the
negatively charged cloud come in a particular series (in multiples of 12, 22, 32, ...), then it would
solve the atom collapse paradox. Bohr’s seemingly magic ratios, are the first signs of quantization
of energy in atoms. These specific energy levels balance out the inward attraction between the
negative cloud and positive core exactly with the orbital outward force (centrifugal force, the same

force that makes one feel the push inside a car when the car rounds a corner).

2.2 Complementarity: Position and Momentum

Einstein had challenged Bohr’s new atomic theory, with a thought experiment [24], in which Einstein
proposed a Young’s double slit experiment type experiment, where not only does one try to measure
the dark and light fringes, but also tries to pin-point the slit light passed through (by installing a
coil to detect the light passing through). The fringes caused by the interference indicate the wave
nature of light, whereas if one were to pinpoint the location of the light, then it would demonstrate
the particle nature of light. In a formal sense, the fringes are a measure of the wavelength or
the momentum of light, whereas the act of pinpointing the location of the light particle is the
measurement of its position.

Bohr had proposed the idea of complementarity [24], that an experiment either measures the
wave properties or the particle properties, or in other words, the momentum (associated with the
mass and speed of the particle) or the position of light, but never the two together. But since
the outcome of Einstein’s thought experiment wasn’t known in early 1900s, there was Einstein’s
experiment which could measure both position (particle nature) and momentum (wave nature) of
light on one hand, and on the other hand was Bohr’s complementarity, which stood in opposition
to Einstein’s thought experiment.

Today the outcome of such an experiment is in fact well known and understood [25]. It turns

out that as long as one does not attempt to pin-point the slit through which the light passes,
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a standard interference pattern is formed demonstrating the wave like nature of light. But as
soon as one measures the position, or the slit through which the light passes before falling on the
screen, the interference pattern is destroyed. This validates Bohr’s complementarity. Moreover,
complementarity is also consistent with the mathematical formulation of the same phenomena
which was laid out by Heisenberg, and is famously called the uncertainty principle [26]. It also
states that one can never measure the two “complementary” aspects of momentum and position at

once, precisely.

2.3 Complementarity: Energy and Time

The trajectory of a charged particle curves when passing through a magnetic (or electric) field. This
follows the Maxwell’s laws and does not require quantum mechanics to understand, in a classical
sense. From Maxwell’s laws, one can associate the kinetic energy of a charged particle to the
amount it curves in a magnetic field.

The same set of Maxwell’s laws also predicts that a charged particle moving along a curved path
emits photons, or light, losing energy. So one can expect that the kinetic energy with which the
charged particle entered a magnetic field, is always greater than any point in time spent in the
field. Another way to look at it is that, the kinetic energy of the charged particle moving under the
influence of a magnetic field at a given time is always greater than at any instant after the given
time, owing to having lost energy to emission of light.

Landau and Peierls [27] noted that if one measures the kinetic energy of the charged particle
within a small enough time span, the energy associated with the charged particle is uncertain. The
magnitude of this uncertainty could be thought of as comparable to the “quanta” of light, since
there can be no smaller amount of energy that the photon can remove out of the charged particle.
As there is a smallest energy associated with the energy difference, so there would be a smallest
time difference over which measuring the kinetic energy would make sense.

This leads us to an analog of the momentum-position complementarity paradox we discussed in
the previous sub-section, but this time, between energy and time. Bohr’s complementarity can be

extended to measurements of energy and time. Heisenberg and others showed that an experiment
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can only measure one of the two aspects of a particle: time or its energy, precisely. Like position and
momentum were “complementary” aspects, similarly, energy and time are also “complementary”

properties.

2.4 Dichotomy: Quantum Zeno’s Paradox

The Greek philospher, Zeno of Elea (circa. 490-430 BC), laid out a set of philosophical problems
which challenges ones senses, and proposed that motion or change is just an illusion. For the scope
of this article, we shall consider only one of Zeno’s nine paradoxes, the “Dichotomy paradox” [28].
As recounted by Aristotle in Physics VI:9, 239b10 [29], “That which is in locomotion must arrive
at the half-way stage before it arrives at the goal.”

Note that Zeno was from a time before the works of Archimedes (circa. 287-212 BC), who first
studied infinite series, and showed that infinite series can sum to finite numbers. In order to reach
a destination from the origin, by motion, for the sake of simplicity, let us assume along a straight
line, one would need to get to a point which is half way to the destination, and in order to get to
the half way point, one would need to get to the quarter way point, and so forth infinitely down to
an infinitesimal. This forms an infinite series of movements, which Zeno argued was not possible,
presenting our paradox. It also means that the next step is indeterminable as there is a point
between the origin and any given next step. The dichotomy here is the act of splitting any distance
into two. Ergo, Zeno argued that motion or change just had to be imagined, and is not real.

Spin is usually an intrinsic property of a particle in quantum mechanics. Another way to think
about spin is to simply associate it with the magnetic moment (like a bar magnet) of the particle.
Generally, spin is defined to be either along an axis or against the axis, giving us only two measurable
states. Just like two magnets feel each others influence, a particle with a spin also feels a magnetic
field (which could be generated by another particle with non-zero spin). Classically one could apply
a magnetic field to a particle whose spin is aligned along an axis in a such a way that the spin
precesses, much like an imbalanced top when spun, and may end up in state where the spin is
anti-aligned with the axis. There is a maximum energy associated with the process of spin-flip.

The energy difference in the case of a spin flip of an imbalanced top is the gravitational potential
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energy difference obtained from the mass of the top and change in height of its center of gravity,
as it flips itself.

An analog of classical Zeno’s paradox exists within quantum mechanics [30], i.e. the quantum
Zeno’s paradox. If we start out with a particle with positive spin, and allow it to evolve under the
influence of a magnetic field, after some time, there is a non-zero probability that the spin, when
measured, turns out to be negative. The quantum Zeno paradox posits that, we could in practice
frequently measure the above system, in order to check its spin state. But if we improve upon
the precision with which we measure when the spin flipped, from the energy-time Heisenberg’s
uncertainty relationship, the uncertainty on the energy blows up to infinity, allowing extremely
high energies being associated with the system. This seems paradoxically in disagreement with the
maximum energy difference associated with the process of spin-flip.

Quantum Zeno effect has now been experimentally tested, rigorously [31]. The observations from
these experiments are that, when a system is measured at a high frequency, it tends to stay in its
initial state, and neglects the evolution. This way there is no change in the system, and thereby the

energy associated with the process of spin-flip blowing up to infinity in the prior case is sidestepped.

2.5 EPR Paradox

Positrons, particles similar to electrons but with an opposite charge, had been discovered in 1932
[32]. Further investigations in similar experiments showed that, an electron and a positron may
simultaneously originate at a point, together (from some third source of energy like photons), or
annihilate each other at a point (to produce energy as photons). This also implied that if the electron
was measured with a positive spin, then the positron had to have been measured with a negative
spin, and vice-versa, such that the sum is always zero. Such pairs are now called “entangled pairs”.
In such entangled pairs, the momentum or position of these particles are similarly correlated, i.e.
given the position or momentum of one particle, one can infer the same for the other particle.
Einstein, Podolsky, and Rosen proposed a thought experiment, which has now come to be known
as the EPR paradox [33], where they proposed measuring the position of one of the particles in an

entangled pair, and momentum of the other particle in the entangled pair. This way, one does not

10
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measure the complementary aspects of position and momentum in the same particle. Furthermore,
this also implies that the momentum and position of the other particle in the entangled pair may
be inferred. Meaning, we could paradoxically get a precise measurement of both position and
momentum, disallowed in quantum mechanics.

Another way to think is in terms of spin. Both electron and positron pair produced may have
either negative or positive spin, but their sum is always zero. Let us say that one measures the
spin of the positron, then this fixes the spin of the electron as well, without even having measured
the electron’s spin. This implies that the information about the spin of the electron, which still
could have been positive or negative, was influenced instantaneously at the time of measurement
of the spin of the positron. The instantaneous “action at a distance”, or faster than speed of
light, transmission of information, is disallowed by Einstein’s special theory of relativity [34], again
demonstrating our paradox here *.

It was later demonstrated by John S. Bell [35] that measurements in entangled pairs always follow
certain inequalities such that the uncertainty principle is always respected. So, one in fact cannot
measure the position and momentum of a particle precisely in an entangled pair. This has now
been further experimentally verified, quite extensively, with the first experiments demonstrating
Bell’s inequalities in entangled photons [36], as early as in 1970s. Another way to reconcile with
the paradox is recognizing that the entangled pair were in fact at the same location at some point

in the past, so there is no instantaneous transmission of information.

2.6 Wave Function Collapse

One can already see in the previous sub-section that the electron, until the point of measurement,
could have had either positive spin or negative spin. Only upon the measurement, does one know
the spin state, and moreover, we only measure a single spin state of the two possibilities. This is
the start of the idea of wave function collapse.

Wawve function in quantum mechanics consists of the probabilities associated with the outcome of

the measurement. Assigning probabilities to the outcomes was one of the key techniques of how

*This made Einstein defend his earlier “God does not play dice” remark about quantum mechanics, and in his
view demonstrated the incompleteness of the formulation of quantum mechanics.

11
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quantum mechanics worked, in contrast to the deterministic Newtonian mechanics. For example
in the previous case, regarding the measurement of the spin of an electron, the quantum mechan-
ical wave function consists of two parts, one each corresponding to the two outcomes. But after
measurement, just one of the parts remains, indicating a collapse from two parts to just one part

of the wave function.

Figure 1: In rows, top to bottom, left to right: A. Piccard, E. Henriot, P. Ehrenfest, E. Herzen, Th.
de Donder, E. Schrédinger, J. E. Verschaffelt, W. Pauli, W. Heisenberg, R. H. Fowler, L. Brillouin;
P. Debye, M. Knudsen, W.L. Bragg, H. A. Kramers, P. A. M. Dirac, A. H. Compton, L. de Broglie,
M. Born, N. Bohr; I. Langmuir, M. Planck, M. Curie, H. A. Lorentz, A. Einstein, P. Langevin,
Ch.-E. Guye, C. T. R. Wilson, O. W. Richardson. Fifth conference participants, 1927. Courtesy
Institut International de Physique Solvay in Leopold Park.

In 1927 Solvay conference, Einstein illustrated the concept of wave function collapse with a

thought experiment, of light incident on the screen. Light being a wave, is not localized in space

12
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but spread out, with a small but uniform probability of being anywhere. The locations where
the photon could be, would be the parts of the wave function in this case with equal weights to
indicate the uniform probability distribution. But, he recognized that, as soon as one measures the
location of the photon, say with the help of a photographic plate, it has been localized. Then, the
probability that one may find the photon any where else drops to zero. The instantaneous drop
in probability is inconsistent with Einstein’s special theory of relativity, and leads to the issue of
wave function collapse paradox.

The concept of wave function collapsing remains open to interpretation. If one were to repeat
the experiment of measuring the spin of the electron (measured by E) and positron (measured by
P) in an entangled pair, many times over, the results will indeed convince both E and P, that
they are performing measurements on an entangled system by correlating their results. But to E,
P’s measurement might have collapsed E’s wave function, or to P, E’s measurement might have
collapsed P’s wave function. So the observers may disagree on how the wave function collapsed,
but they will not disagree on the results. Furthermore, collapse has been shown to obey the basic

uncertainty principles (or Bell’s inequalities) by Aharanov and others [37].

2.7 Schrodinger’s Cat

Perhaps the most popular of the quantum mechanical paradoxes is the Schrédinger’s Cat.
Schrodinger, one of the chief architects of quantum mechanics, himself was perplexed by the in-
determinacy inherent to quantum mechanics. In this thought experiment, Schrédinger imagined
a cat in a box, with a vial of poisonous gas which could be cracked open when the measurement
of the spin of an electron is positive. Since the event governing whether the vial has been broken
open is random, one could imagine that no-one could tell with certainty if the cat has died or is
still alive until the box is opened, i.e. until a measurement has been performed.

In the simplest version, we are dealing with two systems here, the electron and the cat, both of
each can only be in two states: the electron having positive or negative spin, and the cat being dead
or alive. The possibilities in this thought experiment are that: (i) the electron’s spin is positive,

and the cat is dead, (ii) the electron’s spin is negative, and the cat is alive, (iii) the electron’s spin

13
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is negative, and the cat is dead, or (iv) the electron’s spin is negative, and the cat is alive. But we
know that situations (i) and (iii) cannot ever be the outcome. It is as though the measurement
of electron’s spin is entangled with the state of the cat. One can add more complexity such as if
the vial breaks or not, but that simply adds additional layers of entanglements. Not only do we
see multiple systems being entangled here, we also see another situation of wave function collapse,
i.e. when we open the box, and find the cat alive, we also know that the measurement of electron’s
spin is negative.

Treating measurement like an entanglement, the collapse of wave function, as well as the EPR

paradox are all open to interpretation, which we will summarize in the next section.

3 Interpretations of Quantum Mechanics [38]

The paradoxes of atom collapse, complementarity of position - momentum, and energy - time,
Quantum Zeno’s paradox, all had an aesthetically pleasing resolution. But while the causality
part of EPR paradox, and measurement being entangled with the system in Schrédinger’s cat, the
wave function collapse and the paradoxes related to it could also have an acceptable resolution,
they remain active areas of interpretation. This nature of quantum mechanics has spawned many
interpretations of quantum mechanics. Consider that the interpretations of quantum mechanics
is essentially metaphysical in nature, i.e. it involves questioning the foundations of physics, or in
other words.

Four popular interpretations of quantum mechanics have been discussed here, viz.:
1. Copenhagen Interpretation,

2. Spontaneous Collapse,

3. Hidden Variables,

4. Many Worlds.

Note that none of the interpretations preclude any of the others. Certain other interpretations have

also been presented here in order to provide a historical context. These interpretations are not new

14
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physical laws, of even hypothesis for that matter, but perspectives from which one can view the
foundations of quantum mechanics. From where we stand today, it is sufficient to think of these
interpretations on equal footing, only ranked by one’s own inclinations. Most importantly, this
article is in no way to be considered exhaustive or even close to a semi-complete description of the

works. This is merely a brief footnote to introduce the general reader to some of the interpretations.

3.1 Copenhagen Interpretation [39]

0" century Vienna, as “a form of

Oxford dictionary describes logical positivism, that arose in early 2
positivism, ..., which considers that the only meaningful philosophical problems are those which can
be solved by logical analysis.” Copenhagen interpretation was developed by Bohr and Heisenberg
in Copenhagen, ergo its name, between 1925-27. This interpretation remains one of the simplest
and is widely taught as introductory material to undergraduate physicists all over the world. The
Copenhagen interpretation stems from the philosophy of logical positivism, which was gaining ac-
ceptance at the time in Europe. Experimental verification of the predictions of quantum mechanics,
justified its acceptance, especially for the logical positivists.

The Born’s rule of interpreting the wave function [40] was critical to the Copenhagen interpre-
tation. Born’s rule states that the square of the wave function gives us the probability density of
measurement, i.e. if one were to measure a quantum system, the chance that one finds a particular
outcome is given by the square of the associated wave function. Simply put, the Copenhagen inter-
pretation states that the measurement picks out one of the possibilities within the wave function
with a probability obtained using the Born’s rule.

This seemingly drawl interpretation opines that it is meaningless to ask the question of an
outcome before a measurement. Accordingly, the wave function is a meaningless and fictitious
mathematical construct with no physical meaning. Only the probabilities arising from Born’s rule
has a consequence for measurements. It states that the wave function collapse is not a function
of the system, but the doing of an observer. For example, a free electron could have a positive or
a negative spin, with equal probabilities, and upon measurement, one finds it in one of the two

spin configurations. The fact that the electron’s spin measurement has a unique outcome is not
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the doing of the electron, but of the observer that made a measurement in some instance. One
could easily argue, had the measurement been performed (at a different location/time) again, the
observer would have measured the opposite value. One could also understand this in terms of
(a frequentist’s argument where) many observers measuring the spin states of many disconnected
electrons, then half of them would measure positive, while the other half would measure negative.

Likewise, the Copenhagen interpretation’s view of Schrédinger’s cat paradox would be that, the
wave function consists of both the possibilities of the cat being alive and dead, and the probability
that it is alive or dead upon measurement is 50% in a frequentist’s way. Similarly, the Copenhagen
interpretation holds fast to the Heisenberg’s uncertainty principle and Bohr’s complementary, mak-
ing it straightforward to judge the purview of this interpretation. Also, the issue of causality raised
by the EPR paradox is addressed by the Copenhagen interpretation: that once two observers mea-
sure the states of an entangled pair, they still have to communicate this information for comparison,
which prevents any instantaneous “spooky action at a distance”, disallowed by Einstein’s special

theory of relativity.

3.2 Many Worlds [41]

The Oxford dictionary defines realism as “the attitude or practice of accepting a situation as it is
and being prepared to deal with it accordingly.” Hugh Everett working with his advisor John A.
Wheeler, came up with an interpretation of quantum mechanics as a part of his doctoral dissertation
[42], that we today refer to as the many worlds interpretation. The logical positivism used to justify
the wave function collapse in the Copenhagen interpretation is entirely replaced by a very realistic
approach to the issue in the many worlds interpretation.

Copenhagen interpretation treated the wave function as mathematical jargon, without any real
physical meaning. It was only through the Born’s rule that physical meaning was associated
with the wave function. Instead of relying on hypothetical wave function collapse, many worlds
interpretation endows the wave function with physical reality, and makes each outcome represented
by the wave function physically possible. The many worlds interpretation posits that, all the

possibilities within the wave function are indeed real and do occur, and the universe branches
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into the many possibilities upon measurement. So this interpretation does not actually require
wave function collapse. For example, say we are to measure the spin of an electron; then, after a
measurement, there is a 50%-50% chance of it being positive, or negative. The universe splits into
two copies where each one of the two possibilities occurred (or could have been measured in this

case).

An important physical issue, that was evident early on, was regarding the meaning of associ-
ating probabilities to measurements in an Everettian quantum mechanical world, as each of the
possibilities definitely occurred in at least one of the copies of the universe post measurement. So
seemingly the probabilities are all one, or in other words that all possibilities always occur. But
the Born’s rule, is very much physical, and is measurably manifest. There have been many ways
to reconcile the many worlds interpretation with the Born probabilities. The frequentist approach
proposed by DeWitt-Graham [42], Farhi [43] and others posits that if one were to perform the same
measurement infinitely many times, then the ratio of the number of different kinds of copies (where
each kind of copy corresponding to each of the possibilities), would reflect the ratio of probabilities
calculated by the Born’s rule. On the other hand, there have been decision theory based methods
to address the issue as proposed by Deutsch [44], Wallace [41], and Saunders [45], which posits
that the wager (such wagers also arise from a thought experiment called Schrédinger’s wager) one
would make pre-measurement, as to which possibility is the ultimate outcome post-measurement,

would follow the Born probabilities.

A lesser philosophical problem that immediately arises with the universe making copies of itself
upon measurement, is the problem of identity. In the above example, at the point of measurement
of the electron’s spin, the electron was split into two copies, one which had a positive spin, and
another with a negative spin. Clearly these two daughter cases are not identical, so it remains a
question as to which one of the two was the case before the measurement. One could sweep the
question of identity under the rug claiming it to be an abstract concept, and that rules of identity
breaks down at the point of measurement, as done by Parfit [46] and others. But it has also been
proposed by Lewis [47] and others that even before the measurement, there are two copies of system

though initially their identities match (as being in a superposition of up and down spin states), yet
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later their identities diverge with one distinct possibility from within the wave function assigned to
each case.

One can see that the choice of number of branches, one needs to describe the universe in the many
worlds interpretation, is dependent upon the choice of measurements, or choice of mathematical de-
scription, or even the meta-interpretation like the arguments by Parfit versus those by Lewis. Some
argue that counting the number of branches required to describe the universe is the indeterminacy
feature of quantum mechanics. While others like David Wallace embrace this indeterminacy and
posit that the number of copies is a mere non-physical way to describe the idea. However, musings

on understanding the many worlds interpretation are an active facet of thought.

3.3 Hidden Variables [48, 49, 50]

Newtonian mechanics is deterministic, i.e. given a set of initial conditions, determinism implies
that one can tell precisely what state the system is in at a time in the future. Quantum mechanics
is quite opposite to classical mechanics in that sense. Quantum mechanics, at least, as has been
measured so far, is inherently in-deterministic. Quantum mechanics can only tell us what the
likelihood of certain outcomes are, but it never tells us precisely what the outcome is. Simply put,
hidden variable theories posit that there could be additional variables, that could be unknown to us
and even immeasurable (ergo “hidden”), which complete the description of a quantum mechanical
system, making it deterministic like classical mechanics.

Hidden variables do not imply simply accessing complementary measurables, like position and
momentum, simultaneously with arbitrary precision, as was demonstrated with the help of spin
measurement to describe the EPR paradox. Hidden variable theories must respect Heisenberg
uncertainty principles, and must also respect the fact that measurement probabilities align with
Born’s rule of squared wave function. The first of such hidden variable theories was proposed by
L. de Broglie [51] as early as in 1927, and was dramatically improved upon by Bohm [52] in 1952.

In de Broglie’s version of hidden variable theory, called the pilot wave theory, the (matter-)
wave associated with particles followed the Schrédinger formalism, which also respects the Born

probability rules, but the particle is accompanied by a “pilot wave” that also depends upon all
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the other particles with which the particle under consideration maybe interacting with. Whether
it be a pilot wave or another hidden variable, such figments gives rise to a deterministic quantum
mechanics. For example, the pilot wave in de Broglie’s theory would cause the measurement of an
entangled pair to always yield opposite measurements of spin, since the pilot wave already depends
on properties of all other particles. Hidden variables theories add one or more hidden variables to

yield determinism.

Take for example the pilot wave, the fact that the pilot wave is dependent upon all the other
particles, is a statement of its non-locality, i.e. the EPR paradox like “action at a distance” is
already a feature. The non-locality feature flies in the face of Einstein’s special theory of relativity,
according to which there can be no causally linked action at a distance. Therefore Bell’s theorem
prompted many, including de Broglie himself, to abandon hidden variables approach of expanding
the foundations of quantum mechanics. But Bell didn’t imply that hidden variables approach is a
non-starter, he merely showed that there is a price to be paid in order to make quantum mechanics
deterministic by adding hidden variables to the theory: either the hidden variables incorporate some
form of non-locality into them, or we sacrifice the idea that properties of particles are independent

of what measurement is performed on them.

Bell did not immediately reject hidden variable theories, as he knew of Bohm’s extension of de
Broglie’s version of hidden variable theorem. In e.g. the Young’s double slit experiment involving
electrons, according to Bohmian mechanics, the (matter-) wave of the electrons are distributed
as per Born’s rule, but adds a set of “hidden” particles whose positions are always known (ergo
the non-locality since the position of each particle is dependent on every other particle’s location)
and this adds the determinism of finding a particle at a particular location when detected, then
the probability of finding the particle also follows the Born’s rule owing to the interference from
the (matter-) wave. Bohm showed that it is always possible to introduce determinism into the
measurement of a particular property (position in the above example) of a quantum mechanical
system by augmenting the wave function in a particular way, and conversely, to construct a wave
function such that one particular property naturally becomes deterministic. One could then argue

that the wave function can be sufficiently augmented (by adding as many hidden variables as it
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takes) in order to make every property deterministic, thereby violating Bell’s inequalities and also
Heisenberg’s uncertainty principle, but this has been shown to be impossible by Kochen and Specker
[53]. In the above case for example, after making position deterministic through the addition of a
hidden variable, one could not then add another hidden variable to make momentum deterministic
as well. Generally such theories always incorporate non-locality into them, and are called modal
approaches.

If non-locality is particularly non-aesthetic, then one could also go about sacrificing the mea-
surement independence assumption, to extend quantum mechanics through hidden variables. In
order to imagine sacrificing the measurement independence assumption, one needs to be able to
identify an event causally influencing the choice of a measurement. Clearly one can isolate a system,
and not perform any measurements on it, ensuring that the no such event happened in the past.
However, the act of measuring in the future could constitute such a causal event. Such approaches
that involve causation to act backwards in time, are called retro-causal approaches. In retro-causal
approaches, one could do away entirely with wave nature, and just consider the particle nature as
a basis. Here, a hidden wave carries forward-causal influences on the particle from an initial state,
and similarly, backward-causal influences on the particle are carried by the hidden wave from the
final state, giving rise to wave-like properties like interference.

While non-locality might indeed be harder to reconcile with special relativity, retro-causal ap-
proaches, though counter intuitive, is a commonly used mathematical tool in much of modern
quantum field theory, and is usually free of aesthetically uneasy features such as non-locality. Retro-
causal approaches particularly, bolstered by experimental verification of the predictions of quantum
field theories such as Quantum Electrodynamics (quantum mechanical version of Maxwell’s elec-

tromagnetism), keep the field of hidden variables an active area of exploration.

3.4 Spontaneous Collapse Theories [54]

Quantum mechanics, as has been recollected many times above, seems to be most manifest in mi-
croscopic scales, like with the behavior of sub-atomic particles; while classical mechanics dominates

the behavior of macroscopic objects like stars and planets. Most of the interpretations do not
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concern themselves with the transition from the laws of the microscopic, i.e. quantum mechanics,
to the laws of the macroscopic, i.e. classical mechanics. Copenhagen interpretation and hidden
variable interpretations of quantum mechanics seem to be at best agnostic about this transition,

while the many worlds interpretation does not require this transition at all.

Spontaneous collapse models, as evident from the name, introduce a collapse term explicitly
into the Schrodinger equation. The first of such models was developed by Ghirardi-Remini-Weber
[55], referred to as the GRW theory, but this has since been further developed. The solutions of
Schrodinger equations yield de Broglie like (matter-) waves, which are spread out over space, but
with the introduction of a collapse term, these spread out solutions are instantaneously localized in
space at a particular time. The addition of such collapse term has been shown to yield predictions
consistent with quantum mechanics [56], i.e. generally when one adds additional terms not moti-
vated by first principles the equations no more work, but that is not the case in quantum mechanics

upon the addition of the collapse term.

The collapse term is randomly and uniformly distributed over time, but has the same probability
density as that obtained from Born’s rule. A keen student might note that this might be cyclic:
we obtained the wave function by solving the traditional Schrodinger equation and the Born’s
rule told us that the square of the wave function gives us the probability density, and one might
imagine that introduction of the collapse term into Schrodinger equation might change the wave
function solutions and thereby affect the probability densities. But there are means by which to
constrain the properties of the collapse term (to make it a unitary transformation), such that its only
job is to instantaneously collapse the spread out wave function, without affecting the probability

distribution.

In this fashion, in a Young’s double slit experiment, the electrons can still interfere creating a
probability density that resembles the dark and light bands, but the collapse term ensures that the
electron is in fact detected locally. One can already see that these collapse theories satisfy Bell’s
inequalities by violating locality. Similarly, there usually is nothing in collapse interpretations that
ensures that, experiments when repeated, yield the same measurements, since collapse could have

happened at any time owing to a small uniform chance of collapse over time, however small. This
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creates an issue for repeatability of experiments, a key tenant of science. So repeatability has
be enforced from the outside. An expert would recognize that repeatability over time is what
gives us conservation of energy (from Noether’s theorem), so spontaneous collapse theories do
violate conservation of energy, ever so slightly (immeasurably slightly). In a way, spontaneous
collapse interpretations retain the probabilistic nature, which seemed lacking, or at the very least

questionable in many worlds interpretations.

More importantly, the spontaneous collapse theories resolve the issue of scales (of quantum
mechanics being manifest in only the sub-atomic realm) and applicability of quantum mechanics.
They provide a way in which to explain this effect naturally. Individual sub-atomic particles have a
very small probability to spontaneously collapse over time, so for the most part, individual particles
show the traditional quantum mechanical probabilistic behaviors. But in large objects, made of
many trillions of constituent particles, the chance of collapse is proportionally higher, making larger
bodies less prone to the probabilistic behaviors. This proportionality can be easily justified in hard
solid masses for example, where the constituents are spatially correlated, i.e. each constituent
(molecule or atom) is spatially fixed with respect to the position of other, and collapse [of the wave

function] of any one constituent forces other correlated constituents to also collapse.

Moreover, of all the interpretations, spontaneous collapse theories are the few that tend them-
selves to experimental check. Though the collapse term only forces the wave function to collapse,
and does not change the probability densities predicted by traditional quantum mechanics using
the unmodified Schrodinger equation dramatically, addition of these terms do: (i) modify the prob-
abilities ever so slightly around the prediction of the unmodified Schrédinger equation, and (ii)
introduce a chance that making the quantum mechanical system larger or subject to longer time
periods, would collapse occur with a higher chance (more immediately). So, there have two class
of experiments, one testing each of the above hypothesis linked directly to spontaneous collapse
theories. Though strong constraints can be places by these experiments, they do not completely

rule out these theories categorically.
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4 Perception of Quantum Mechanics [57]

Quantum mechanics (an inherently uncertain and probabilistic theory) superseded classical New-
tonian mechanics (which was deterministic), and was viewed as an incomplete theory even by
physicists due to its indeterminacy, at least to a certain extent. Moreover, the founders of quantum
mechanics themselves did not fully fathom the implications of the theory. During its development,
even the famous physicist and Nobel laureate, R. P. Feynman opined “I think I can safely say
that nobody really understands quantum mechanics” (1965). Since then, tremendous strides have
been made to improve the theory over the course of a century, and has lead to a comprehensive

0t century physics: the standard model, which

quantum field theory, the crowing achievement of 2
describes all known interactions f. While the predictions and techniques by which quantum me-
chanical predictions are calculated have become ever more precise and accurate, the underlying
foundations are, to say the least, open to interpretations and questions. It is these questions that
make the interpretations of the foundations of quantum mechanics ubiquitous in number, and make
even a modern day physicist exclaim “Even Physicists Don’t Understand Quantum Mechanics!”
(S. Carroll, 2020).

Even among formal physicists, their favorite interpretation of quantum mechanics varies wildly.
But then again, objective truth (or reality) is not democratic. Copenhagen interpretation dates
back to 1920s, whereas many worlds interpretation and the first of hidden variables approaches
were formulated in 1950s, while the first of spontaneous collapse theories were formulated in 1980s.
Being first itself could be a reason for the prevalence of Copenhagen interpretations in modern
quantum mechanics texts. Much of modern texts, center around the applications of quantum
mechanics, eg. their application to atoms and thereby obtaining the electron configuration. The
simplicity of Copenhagen interpretation, and its “as is” approach may also tend itself better for
a text book, which wants to focus on the applications of quantum mechanics, by neglecting the
foundational aspects. Some have even attributed the prevalence of the Copenhagen interpretation
to the orthodoxy in physics academia [58].

As we saw, the interpretations only gave extra depth to our understanding, but the predictions

TExcept for neutrino oscillations.
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and math are ever so accurate, regardless of the underlying foundations. Deviations from the
predictions of quantum mechanics have never been measured thus far . The tremendous success
of these predictions, maybe, has made the quest to understand the foundations take a backseat,
so much so that R. P. Feynman is misquoted to have said “shut up and calculate” (quote from
D. Mermin, 2004 [59]). This school of thought comes from instrumentalism, which is as defined
by Oxford dictionary is “a pragmatic philosophical approach which regards an activity (such as
science, law, or education) chiefly as an instrument or tool for some practical purpose, rather than

in more absolute or ideal terms.”

An instrumentalist purview of quantum mechanics, itself can also be a considered as an inter-
pretation. Alas, such an interpretation is hard to evaluate and compare with other mathematically
rigorous interpretations treated in this work, owing to its stance of disregarding any deeper under-
standing at all. But, such a view is not indefensible. Karl Popper’s scientific realism, i.e. “the view
that the universe described by science is real regardless of how it may be interpreted”, may take
quantum mechanics’s success as a predictive tool to justify its validity regardless of how it maybe
interpreted.

The plethora of interpretations of quantum mechanics, gives the perception that there maybe
gaps in our understanding of the foundations. Note that it may very well be the case that the
interpretations are exactly what the name entails, i.e. that they are simply ways of philosophically
reconciling with the probabilistic nature of quantum mechanics, and that they may simply be
different perspectives of seeing this very nature of quantum mechanics. In other words, just as
Heisenberg’s and Schroédinger’s versions of quantum mechanics were shown to be one and the
same, it is possible that certain interpretations (like hidden variables and spontaneous collapse
approach) are actually different statements of one and the same feature. It may also be the case
that there are many class of comparable interpretations, each class of interpretations stating a
particular feature. The ultimate point being that we may never reach, in any realistic way, a point
where certain interpretations develop into a coherent underlying mechanism that expands our

predictive potential of quantum mechanics. Finally, it is also possible that certain interpretations

¥Except for neutrino oscillations.
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(like spontaneous collapse approach) can in fact be experimentally tested and possibly found to be

untrue .

5 Choosing an Interpretation [61]

Four category of ideas to interpret or augment traditional quantum mechanics were presented in the
previous sections. On one side is the Copenhagen interpretation which sees quantum mechanics
as is, a probabilistic theory accepting of the impact of observer or measurement; spontaneous
collapse interpretation stands at the other end, actively augmenting the very underlying equations
governing traditional quantum mechanics, in a very tangibly (and measurably) mathematical way.
Then there were the hidden variables and many worlds approaches which viewed the universe
through the purview of wave nature, and provided ways to incorporate the particle behavior from
happenings outside the tangible, i.e. hidden particles and branching into many worlds, respectively,
both of which are not measurable.

Some may argue that hidden variables and many worlds approaches are indeed true interpre-
tations as they involve mechanisms outside the tangible, whereas spontaneous collapse theories
are extensions of quantum mechanics. Obviously, the scenario might change if tangible tests of
these two interpretations are ever realized. Especially the intangible nature of hidden variables and
many worlds approaches may lead us to conclude that the measurements one can perform through
experiments in the tangible universe, that confirm only the predictions of quantum mechanics but
say nothing about the foundations, is under-determining the reality.

The choice of which interpretation to choose therefore lies wholly with personal preferences, at
the moment. However, one could evaluate the interpretations along a set of aspects to determine
where one falls subjectively. Some of these aspects are: (i) determinism, (ii) ontology of the wave
function, (iii) history (of the quantum mechanical system), (iv) (need for) hidden variables, (v)

(need of) wave function collapse, (vi) non-locality (in the wave function), (vii) counter factual

§Clearly quantum mechanics is hard and it is relatively new in its public outreach, compared to other classical
physics. It has not tended itself yet to become a part of general knowledge of the populace, despite numerous popular
books on the topic. This coupled with the inherent features of quantum mechanics has made it possible for some to
spin quantum mechanics for their own pseudo-science. This article neglects such avenues as they generally do not
add to the constructive discourse.
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definiteness, and (viii) the (role of the) Observer, to name a few:

Determinism: Determinism is the concept that the future events are a function of the past.
Interpretations such as Copenhagen interpretation submit themselves to the indeterminism seen
in measurements, whereas theories, eg., that involve hidden variables are inherently deterministic,
but make sure that the measurements in their deterministic world still obey Bell’s inequalities and

Heisenberg principles.

Ontic wave function: The ontology of the wave function concerns with the factuality of the
wave function. The physical implications are not always the same across the interpretations. In
interpretations such as the Copenhagen interpretation, the wave function does not really imbue
any physical meaning, but only acquires physical meaning through the Born’s rule. But in many
worlds approach, the wave function is a literal reading of the underlying possibilities. This aspect

concerns with the physical meaning imbued by the wave function.

History (of the quantum mechanical system): This aspect questions, if we rewind the clock
do we recover the quantum states. In models like many worlds, the description of the wave function
is determined by the choice of what the writer considers complete, so a sense of unique history may
at best only be abstract. But in other interpretations discussed here, the history of the system is

UNIque.

(Need for) Hidden variables: This aspect concerns with the need for additional parameters
to discuss the reality, beyond the measurable parameters. Hidden variables approach stands alone
here in its need for additional parameters to interpret quantum mechanics. One could also argue
that the spontaneous collapse theories also include hidden variables by incorporating a collapse

term.

(Need of) Wave function collapse: Wave function collapse, is inherent in almost all models
except for in the case of many worlds interpretations where there is no need for a wave function

collapse.
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Non-locality (in the wave function): It was seen that in order to satisfy Bell’s inequalities
or Heisenberg uncertainty relationships, in interpretations involving hidden variables, one had to
sacrifice locality (the idea that events are influenced at a distance), which was hard to reconcile with
special theory of relativity, or sacrifice the independence in choice of measurement. This aspect
refers to the former. Hidden variables approach and spontaneous collapse interpretations sacrifice
locality, whereas one might argue that there is no need for hidden variables in the other two so

they escape having to make this sacrifice.

Counter factual definiteness (CDF): Counter factual definiteness speaks to the meaningful-
ness of definiteness in the measurements that have not been performed. For example, what could we
say about an independent particle whose position was measured, destroying its momentum definition,
if instead its momentum was measured? If we could say something about the momentum measure-
ment which could have been performed instead of the position measurement which was performed,
then the theory can be said to be definite. One could compare this aspect with the determinism that

the models were evaluated upon before.

(Role of the) Observer: The chief method to reconcile with wave function collapse was to
attribute it to the observer who made the measurement. This aspect concerns with the need of
the observer effect in interpretations. Some interpretations do not need a wave function collapse,
like the many worlds interpretation, so the many worlds interpretation has no observer effect.
Similarly, deterministic interpretations most definitely no not need an observer effect. However,
in the converse case, involving an indeterministic theory, one does not always require an observer
effect, e.g. the spontaneous collapse theory.

One could base their choice of interpretation based on any of the above aspects. Note that evalu-
ation based on some of these aspects are ill-defined in some interpretations (italicized), e.g. asking
if the universe has unique history is ill-posed in many worlds interpretations, since the description
of the events and its associated possibilities is defined by the evaluator upon the description they

choose. So leaving such cases, the remaining features have been summarized in Table 1.
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Aspect

Interpretation Deterministic --

Copenhagen (Bohr-Heisenberg)
Many worlds (Everett)
Hidden var. (de Broglie-Bohm)
Spont. collapse (GRW)

x| N[N\ >

Table 1: Aspects according to which interpretations can be evaluated upon. Coloring of the columns
has been discussed in the text.

Occam’s razer is a philosophical hypothesis that posits that one must use the simplest technique,
or fewest possible adjustments, to explain as many observations as possible. In simple words it
means “keeping things simple” is often (not necessarily) the right way to explain things. Arranging
interpretations according to a table like Table 1, as cherry picked as the aspects are, is a way to
analyze the interpretations upon their merit. One could imagine evaluating the interpretations
along various such aspects, and making a table far encompassing than the one shown here. Such
a table makes a good case for generating a preference list according to Occam’s razer Y. The best
interpretation requires as few issues, such as non-locality, to interpret quantum mechanics; issues
which are hard to reconcile with the body of physics empirically verified to be objectively true
today. Evaluation based on such aspects are marked in red in Table 1 (so a tick mark in one of
these aspects marked red is a negative remark). The best interpretation also provides sufficient basis
for the elements already inherent to description of quantum mechanics, such as the wave function
that arises directly from the Schrodinger equation. There is precedent within classical physics to
expect physical meaning out of the elements of a basic theory. For example, the electromagnetic
field was thought to be a mathematical construct, and pre-Maxwellian physicists considered the
concept of a field to simply be a fictitious, with only the force calculated using the field as a
manifest physical quantity that could be measured. Modern understanding of electromagnetic
fields transcends from them being mere mathematical constructs, and they are treated as physical
quantities now. Such aspects are marked in green in Table 1 (so a tick mark in one of these aspects
marked green is a positive remark). While the aspects in white represent those qualities which are

sometimes ill-defined, or simply are agnostic to the test of Occam’s razor I

TThe author is self-admittedly a many-worlds proponent.
ITt is left as an activity to the reader to generate their own preference list!
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A concept relevant here is an analog of the argument of the “god of gaps” for science. The “god
of gaps” argument for science, is a call for scientific investigation of the gaps in our knowledge,
instead of attributing it to a deity [62]. Similar to the “god of gaps” argument for science, one
could make a similar argument calling for understanding the foundations of quantum mechanics.
Certain interpretations take a very “as is” approach to the aspects that lead to the paradoxes.
Particularly, this purview would be antithetical to the instrumentalist’s interpretation, of “shut up
and calculate”. Though Popperian realism provides a certain degree of protection (from fallacies,
in that it assures us of the validity of the predictions of quantum mechanics regardless of the
interpretations) to the instrumentalist’s interpretation, the instrumentalist’s interpretation maybe
akin to the “god of the gaps” defense of a deity. If one adopts an instrumentalist’s interpretation
of quantum mechanics, then one does not need to grapple with the paradoxes or the aspects in
Table 1, and our curiosity in thus put out. Therefore, one could make an argument to a call for
investigating the foundations of quantum mechanics, to keep our curiosity alive and thereby make

progress in our understanding of the foundations quantum mechanics.

6 Conclusion

Paradoxes within quantum mechanics have been clear since the early days of quantum mechan-
ics infancy. In this article, four classes of interpretations were introduced, viz. the Copenhagen
interpretation, Everett’s many worlds interpretation, hidden variables approach (de Broglie-Bohm
primarily), and spontaneous collapse interpretation (particularly the GRW theory). These inter-
pretations differ in what they have to say about some key aspects with which quantum mechanics
can be evaluated upon, viz. determinism, ontology and collapse of wave functions, need for hidden
variables, (non-) locality, definiteness, and the role of the observer. But these are not the only class
of interpretations. Moreover, the aspects of evaluating the interpretations presented in this article

are an incomplete list.

There are also hybrid theories like the consistent histories interpretation [63], which combines

aspects of spontaneous collapse interpretations ad hidden variables to attain a consistent history
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unlike the many worlds interpretation. Some theories have modified aspects, of the above inter-
pretations, such as the transactional interpretation [64] which uses the retro-causal aspect from
hidden variables interpretation. This article has not explicitly described certain other interpre-
tations like quantum information interpretation [72], relational interpretation [66], quantum logic
[67], conscience-collapse [68], stochastic quantum mechanics [69], quantum-Darwinism [70], ensem-
ble interpretation [71], and quantum Bayesian interpretations [72, 73].

While the Copenhagen interpretation is one of the oldest and arguably the most wide spread,
hidden variables and spontaneous collapse approaches have niche support. More recently, the many
worlds interpretation is experiencing something of a renaissance with recent works from Vaidman
[74], Sebens and Carroll [75]. While each interpretation has a particular take on the
paradoxes (especially the ones involving the effect of the observer, measurement, and
wave function collapse), and some interpretations even tend themselves to possible
experimental check, no particular interpretation can be eliminated beyond reasonable
doubt at the moment; with the possibility that many of them may actually be com-
parable, stating the same underlying truth in multiple ways. An appeal to Occam’s
razor maybe made to justify a preference of interpretations, and finally a call for in-
vestigating the gaps in our understanding could lead to new realizations regarding the

foundation of quantum mechanics.
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