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Starting from the measurement problem we re-visit the Copenhagen Interpretation of quantum mechanics
and recall some criticism raised against it. We then briefly introduce the spontaneous collapse models, where
the time evolution of the wave function naturally contains random localisations in configuration space, and the
pilot-wave theory, where the wave function guides deterministic system trajectories through configuration space.

It was discovered soon after the first postulation of the
Schrödinger equation [1, 2] that a consequent application
thereof leads to superpositions of macroscopic objects like
cats [3], as shown in Figure 1. Such macroscopic superpo-
sitions are in direct conflict with human experience of the
everyday world, since we perceive only single, well-defined
states of the objects surrounding us. When assuming Born’s
rule [5] to hold one finds that the wave function immediately
after a measurement must consist exclusively of the eigen-
state corresponding to the eigenvalue of the observable that
was measured, irrespective of whether or not it had been in a
superposition before. It then follows that the dynamics of a
measurement is not accounted for by Schrödinger’s equation
but any superposition is reduced to a single, definite state -
the one corresponding to the measurement outcome. The
question as how to get from superpositions to a single state
of the wave function during the process of a measurement
has come to be known as the measurement problem.

Historically, one of the immediate responses to the mea-
surement problem which soon found broad acceptance in
the physics community at the time [6] was the so-called
Copenhagen Interpretation, championed notably by Bohr [7]
and Heisenberg [8] amongst many others. According to the
Copenhagen Interpretation our world consists of two distinct
realms, a microscopic quantum world with the Schrödinger
equation as its law of motion which leads to superposition
states of the wave function - and the classical world de-
scribed through classical concepts where everything pos-
sesses single, unambiguous states and the idea of superpo-
sitions is ridiculous. It is the process of a measurement, the
interaction of a quantum state with a classical object, which
irreversibly collapses the wave function to a single, definite
outcome. This is known as the collapse or reduction postu-
late.

FIG. 1: Schrödinger’s cat in the version of John Bell, taken
from [4]. A cat is trapped in an box with a radioactive atom that
has a certain probability to decay within a finite time interval dt,
0 < Pdecay < 1. In case the atom decays it activates a detector

which releases some milk that the cat drinks. After an hour or so
the cat then is in a superposition of being full and being hungry.

However, it is often criticised that the Copenhagen Inter-
pretation fails to give a precise definition of the boundary
between quantum and classical as well as of measurements
[9]. Additionally, some regard this interpretation of quan-
tum mechanics to be incomplete [3, 10]. This motivated
many physicists to come up with new approaches to quan-
tum mechanics, each resolving the measurement problem in
a different fashion.

Well-known among those alternative approaches are the
Spontaneous Collapse Theories, the general mechanism of
these theories was first proposed by Ghirardi, Rimini and
Weber (GRW) in 1986 [11]. Here, the Schrödinger equation
is modified such that the time evolution of a quantum state
naturally contains random localisations of the wave function
in configuration space with localisation width σ and stochas-
tic localisation rate λ. Even though the impact of a col-
lapse on a single particle is assumed to be almost negligible
- GRW estimated σ ∼ 10−7m and λ ∼ 10−16s−1 - this
is no longer the case for macroscopic, entangled systems
where any superposition ceases on time- and length scales
not accessible to the human senses. The probability for a
collapse to occur and its consequences for the system are
determined by σ and λ which allows to test the parameter
space (σ, λ) against experiments [12] (and the predictions of
standard quantum mechanics). It should be noted that GRW
initially did not propose any mechanism to explain the rea-
son for the occurrence of these spontaneous localisations but
researchers have since devised different models to explain
their origin. An example is the Diósi-Penrose model which
assumes the localisations to be induced by the coupling of
matter to a noisy gravitational field [13].

Another approach to the measurement problem is the
pilot-wave theory, the fundamental idea of which was first
presented by deBroglie [14] in the 1920s and then re-
discovered by Bohm [15, 16] in 1952. In the pilot-wave the-
ory one has particles with definite positions at all times and
the wave function, which guides these particles along their
trajectories through configuration space. The Schrödinger
equation, which governs the time evolution of the wave func-
tion, is deterministic and as such every system follows its
unique, deterministic trajectory. Hence it is only our lack of
knowledge of the initial state of the system which prohibits
us from computing the outcome of a particular measurement
in advance and one can show that we cannot know the initial
state better than |Ψ(t0)|2 [17]. In this theory the probabilistic
nature of standard quantum mechanics is not a fundamental
property of nature but arises from incomplete knowledge of
the initial state of the system including the measurement ap-
paratus - which would require the knowledge of the positions
of roughly NA ∼ 1023 particles. Hence the proponents of
the pilot-wave theory often depict it as taking a role similar
to that of Newtonian mechanics in the framework of statisti-
cal mechanics.
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