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Abstract
Spontaneous localization theories are a class of quantum theories which solve the so-called measurement
problem by non-linearly and stochastically modifying the Schrödinger dynamics. In this paper I briefly
explain where these theories are coming from, what their driving ideas and main features are, and how
they were historically developed. Also, I discuss their empirical and ontological adequacy, as well as their
relativistic extensions and their experimental confirmation.
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1. Introduction
Spontaneous localization theories are a set of quantum theories that do not suffer from the ontological
vagueness and imprecision of the so-called orthodox quantum theory. In orthodox quantum mechanics,
the theory regularly taught in schools all around the globe, the notion of observer or measurement has a
fundamental role: its basic evolution equation changes when a measurement is performed, or an
observation is made. This theory however manages to account for all the empirical data collected so far
by providing a successful recipe for generating experimental outcomes. This is so even if the recipe is
vague, namely it is unclear what a measurement or an observation is, and it is left unspecified whether
there is an underlying microscopic reality whose behavior is able to explain the emergence of these
macroscopic data. Spontaneous localization theories aim at making the quantum recipe precise: the main
idea driving this type of theories is to provide a single equation which would be appropriately describing
both the microscopic and the macroscopic world. In other words, in spontaneous localization theories the
fundamental law suitably reproduces the quantum predictions without invoking the notion of
measurement or observer.
In this chapter, I review spontaneous localization theories. In doing that, I give emphasis to their
conceptual foundations, rather than to their technical and mathematical aspects. After briefly discussing
the problems of orthodox quantum theory (section 2), I present the main ideas driving the construction of
spontaneous localization theories (section 3) as well as their development (section 4). Then, I discuss how
this type of theories is empirically adequate, how its predictions may be experimentally tested, and how a
first version of spontaneous localization theories was arguably not ontologically satisfactory and needed
to be supplemented (section 5). I conclude with proposed relativistic extensions (section 6).

2. The Trouble with Quantum Theory
Quantum theory marks one of the greatest successes in physics: no theory before quantum mechanics has
been confirmed so widely and accurately. However, quantum theory also represents one of the scandals
of modern science: the theory is hopelessly vague and imprecise, and disappointing in its surrender and
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passive renunciation to even attempt to provide a coherent picture of the microscopic reality behind the
phenomena. How is it possible?

2.1 Macroscopic Superpositions
The standard story is that the theory provides no intelligible microscopic picture of the world, and
physics should not even inquire, as such a description is impossible. The reasons for these claims are
multiple, the most famous of which is the so-called measurement problem. This problem has been put
forward by Schrödinger in his famous cat paper to underline the unsatisfactory nature of the theory and
goes roughly like this. 3 In quantum theory the complete description of any physical system, its state, is
given by a mathematical object sometimes called the wavefunction. The wavefunction evolves in time
according to a linear equation called the Schrödinger equation, because he first proposed it. A linear
equation is an equation that typically describes waves, and waves superimpose, in contrast with particles,
which do not. 4 This is the superposition principle. It is possible therefore that a superposition wavefunction,
represented as a sum of various components, describes a state of affairs of a given physical system.
Superpositions seem necessary to explain some experiments involving microscopic objects, such as the
famous two-slit experiment. 5 However, these microscopic superpositions would readily amplify to the
macroscopic, observable level. Consider a pair of particles whose state is given by the sum of a state
describing a particle going on the right and of a state describing the particle going on the left, each
towards a screen. This is a superposition state. However, at the end either the left screen or the right
screen will show a detection spot. A superposition state instead would be more like a combination
between the left screen and the right screen having detected something, and we never observe anything
like that. So, if the wavefunction describes the complete state of the system, and it evolves according to
the linear Schrödinger equation, then quantum theory would be empirically inadequate because it would
predict unobserved macroscopic superpositions.

2.2. The Collapse Postulate
Instead of caving in face of empirical falsification and revise their theory, the physics community
endorsed a questionable way out: von Neumann’s collapse postulate, which eliminates macroscopic
superpositions by ‘measuring them out.’ 6 The wavefunction evolves according to Schrödinger’s equation
unless when a measurement is performed, after which the wavefunction rapidly and randomly collapses
in one of the terms of the superposition. The result of the measurement is given by one of the terms of the
superposition wavefunction, and the probability of each result is given by the square module of the
component of the wavefunction corresponding to that result. With now two evolution equations, one
which is linear and deterministic (the Schrödinger equation) and the other which is random and
stochastic (the von Neumann collapse postulate), quantum theory becomes empirically adequate.
However, one needs to precisely define what a measurement is, because we need to know when to apply
each rule. One may say that it’s the action of observing that triggers the collapse. Nonetheless, this moves
the mystery one steps further: what is an observation? Instead of attempting to provide an answer to this
question, most physicists started to ignore it, and kept making more and more predictions, which quite
Schrödinger (1935). However, the main idea expressed in this paper was circulating is a less pictorial manner
already in the 1920s. See Bacciagaluppi and Valentini (2009), Bricmont (2016), Norsen (2017) for interesting historical
notes.
4 When two waves come across one another, their amplitudes combine, positively or negatively, respectively when
two crests or two troughs merge or a crest meets a through.
5 A beam of objects previously identified as particles (e.g., electrons) is focused towards a screen with two slits. The
result is that an interference and diffraction pattern is displayed on a detection screen behind the two slits. This is
unexpected with ‘regular,’ classical particles, as one should instead see an image reproducing the two slits on the
back screen: interference and diffraction are wave-like, rather than particle-like, phenomena.
6 Von Neumann (1932).
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surprisingly came out confirmed, apparently justifying the physicists in their dismissive attitude toward
foundational questions. There were exceptions, of course: in the 1920s, de Broglie, Schrödinger and
Einstein expressed their skepticism towards the theory so formulated. 7 Then in the 1950s, Bohm 8 and
Everett 9 each proposed their solution to the measurement problem, alternative to the one proposed by
von Neumann: Bohm refined de Broglie’s original pilot-wave proposal, 10 and Everett laid the foundations
of the many-worlds theory. Traditionally the pilot-wave theory solves the problem by ‘adding’ particles’
positions to the description provided by the wavefunction: when the wavefunction is in the superposition
state of ‘the particle being here’ and ‘the particle being there,’ the particle is instead either ‘here’ or ‘there,’
and the information coming from both the wavefunction and the particles’ locations effectively ‘collapses’
the wavefunction to one of the two spatial regions, thereby solving the measurement problem. 11 The
many-worlds theory instead embraces the idea that superpositions exist at all scales, but we do not
observe macroscopic ones because the universe suitably ‘branches out’ into as many copies as there are
terms of the superpositions. 12
In the late 1960s through the 1980s a different type of approach became to emerge: spontaneous localization
theories, in which the evolution of the wavefunction automatically suppress the macroscopic
superpositions without the need of a measurement or an observer. More precisely, the idea is that the
wavefunction evolves according to a non-linear stochastic equation which most of the times resembles
the Schrödinger evolution, but at suitable times reproduces the von Neumann collapse at the relevant
macroscopic scale. This is the sense in which the wavefunction spontaneously collapses, or reduces, or
localizes in a small spatial region. The first successful theory in this direction is the so-called QMSL, from
Quantum Mechanics with Spontaneous Localization, developed by Ghirardi, Rimini and Weber, and thus
often dubbed the GRW theory. 13 I present the history, the details and some of the modifications of this
theory in section 4. Now, in the next section let us discuss the main features that spontaneous collapse
theories need to have in order to solve the measurement problem.

3. The Ideas Driving Spontaneous Collapse Theories
In this paper I focus on the conceptual, rather than the technical and mathematical aspects of spontaneous
localization theories. 14 Spontaneous collapse or spontaneous localization theories are theories aimed at
solving the measurement problem by eliminating macroscopic superpositions dynamically, and not with
an additional postulate, hence they are also known as dynamical reduction theories. In this type of
theories, in contrast with the pilot-wave theory and like the many-worlds theory, there is only the
wavefunction, 15 but the Schrödinger evolution for the wavefunction is modified with the sole purpose of
making the macroscopic superpositions disappear, while keeping the microscopic ones. That is, the
wavefunction ‘spontaneously’ (in the sense as a matter of law, not because of a measurement) localizes in
one or the other term of the superpositions very quickly for macroscopic objects, but not for microscopic
systems. So, if the aim of the theory is to suitably tackle superpositions to solve the measurement problem
dynamically, let us ask ourselves what exactly the theory needs to do.

See Bacciagaluppi and Valentini (2009) and references therein.
Bohm (1952).
9 Everett (1957).
10 de Broglie (1924).
11 See Dürr, Goldstein and Zanghì (2011) for recent developments of the theory.
12 For a contemporary presentation of the theory, see Wallace (2012).
13 Ghirardi, Rimini and Weber (1986).
14 For a more detailed review of collapse theories, see notably Bassi and Ghirardi (2003), Bassi et al. (2013), Bassi and
Ghirardi (2020), and references therein.
15 However, see section 5.2.
7
8

3

3.1 Pure and Mixed States
The state of the system is the complete description of that system. Sometimes the state is known, in which
case one talks about a pure state. Such a state can be a superposition of other states, such as 𝑎𝑎 + 𝑏𝑏.
Sometimes instead we do not know what the state is: e.g. it can be either 𝑎𝑎 or 𝑏𝑏 but we do not know
which. In this case we say that the state is in a statistical mixture of states, or mixed state. It is important not
to confuse a statistical mixture with a superposition state. In fact, a superposition of states, say 𝑎𝑎 + 𝑏𝑏, is a
state in which the system is in an indefinite state which is neither 𝑎𝑎 not 𝑏𝑏. As such, it expresses a claim
about the ontology of the system: it does not have a definite property, being an 𝑎𝑎 or a 𝑏𝑏. Instead, a
statistical mixture expresses the idea that we do not know which state the system is in. Thus, it is an
epistemic claim. To describe these states, it is useful to use the density matrix or statistical operator,
where the diagonal terms correspond to the pure states 𝑎𝑎 and 𝑏𝑏, while the off-diagonal terms represent
interference effects between them. The von Neumann collapse postulate, and therefore any measurement
process, effectively transforms a pure superposition state (in which the system is in an indefinite state)
into a statistical mixture (in which now the system is in a definite but unknown state). There is a vast
literature on the effects of the interactions of systems with their environment. The system loses coherence
(or, it decoheres): the terms of the superposition can no longer interfere with one another. In other words,
the interference terms in the density matrix are damped, and effectively the superposition state becomes a
statistical mixture as if the system has been ‘measured’ by its environment. Some may think that this
suppression is enough to solve the measurement problem. However, it is not: to solve the measurement
problem (without hidden variables or many worlds) one needs to show that the (macroscopic) system is
no longer in a superposition state. However, the same density matrix with suppressed off-diagonal terms
can be associated both to a mixture of states with definite properties (half the system is in state 𝑎𝑎 and half
in state 𝑏𝑏) and to a mixture of superposition states (half the system is in state 𝑎𝑎 + 𝑏𝑏, and half the state in
𝑎𝑎 − 𝑏𝑏). Therefore, for the proposed theory one must provide a fundamental equation for the pure state, rather
than for the mixed state, in which the (pure) superpositions are appropriately damped.

3.2 The Preferred Basis
In addition, notice that the so-called quantum state, which provides the complete description of any
quantum system, can be written in any basis: the position basis, the momentum basis, the energy basis,
and so on. In simpler words, one can write the function representing the quantum state as a function of
different variables: as a function of position, as a function of momentum, and so on. The wavefunction is the
quantum state written in the position basis, or in more layman terms, it is the quantum state written as a
function of the position, 𝜓𝜓(𝑟𝑟). But there is also, for instance, 𝜙𝜙(𝑝𝑝), which represents the same state as a
function of the momentum 𝑝𝑝. Regardless, there will be superpositions in all bases: for 𝜓𝜓(𝑟𝑟), for 𝜓𝜓(𝑝𝑝) and
so on. And suppressing a superposition in one basis will not guarantee suppression in another one. So, a
first problem emerges, called the problem of the preferred basis: in which basis is it important to suppress
the macroscopic superpositions? Assume that, as we usually do in classical (non-relativistic, nonquantum) physics, the fundamental space in which matter is located can be represented by a threedimensional space, and that macroscopic objects are made of microscopic entities located in this space.
Then it seems plausible that one would give priority to superpositions in physical space (the space in
which matter is located), rather than in the space of momenta (which is more abstract and derivative, as
momentum is defined in terms of position) or to anything else. In other words, the preferred basis is the
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position basis because macroscopic objects need to have a definite location over and above any other definite
property, like for instance momentum. 16

3.3 The Trigger Problem
As mentioned, the main purpose of these theories is to solve the measurement problem by suppressing
macroscopic superpositions while keeping the microscopic ones. This leads to the so-called trigger
problem: 17 what triggers the wavefunction localization only for macroscopic objects? This type of theories
can accomplish that by tying the localization mechanism to the number of particles the system has. In this
way, the localization mechanism would not do much for systems of few particles, but for macroscopic
systems, thus with many particles, it would simulate well the action of the von Neumann collapse.
To avoid unnecessary confusions, one may ask how we can even talk about particles in this theory.
Strictly speaking, in fact, there are no particles in spontaneous localization theories. These theories are
just about the behavior of the wavefunction, which is supposed to provide the complete description of
any physical system. So, the locutions ‘a system with many particles’ or ‘a system with few particles’ should
not be read literally. Instead, they should be understood respectively as ‘a system with many degrees of
freedom’ and ‘a system with few degrees of freedom,’ thereby removing the unnecessary connection to
‘particles.’ However, as we will see in section 5.2, more needs to be said about the ontology of these
theories.

3.4 No Superluminal Signaling
Mathematically, how can we implement these requirements? Namely, which mathematical features
should the new equation of motion for the wavefunction have to have in order to solve the measurement
problem along the lines just discussed? Notice that the linearity of the Schrödinger equation, according to
which sums of solutions are also solutions, is responsible for the unobserved macroscopic superpositions.
So, suppressing macroscopic superpositions makes the equation non-linear. The Schrödinger equation is
also deterministic, namely the initial conditions and the law completely determine the state of the system
at any other time. Or, given the law and the initial conditions, there is only one possible outcome, which
happens with probability 1. Alternatively, there are stochastic theories, in which the initial conditions and
the law merely provide a set of probabilities with which a set of various possible outcomes will happen.
Therefore, to avoid unnecessary complications, it seems that in building a theory whose law simulates the
von Neumann collapse one should try first a non-linear deterministic modification of the (linear
deterministic) Schrödinger equation: why introduce stochasticity if we can use a non-linear deterministic
dynamics? Indeed, even if for other reasons, deterministic non-linear modifications of the Schrödinger
equation have been proposed, but soon discarded. 18 Interestingly, the reason for this has to do with the
fact that a theory should not allow superluminal signaling (transmission of information at a velocity greater
than the speed of light). So, the spontaneous localization dynamics is non-linear and stochastic because,
while non-linearity suppresses macroscopic superpositions, only when combined with stochasticity it can
prohibit superluminal signaling. To understand where this last claim comes from, one needs to take a
step back. In a classical understanding, matter is made of individual components that clump together and
they interact with one another through local interactions: only things which are sufficiently close manage
to make a difference in one another’s behavior. This locality condition is even more important in
relativity, as in this theory there is a physical limit to the highest possible velocity with which stuff can
16 Some models induce the collapse in the energy basis (see Adler 2002, 2004, Adler et al. 2001 and references therein),
others in the momentum basis (Benatti et al. 1988), or the spin basis (Bassi and Ippoliti 2004, Pearle 2012). However,
there is an additional burden of proof for how these models are supposed to solve the measurement problem.
17 Pearle (1989).
18 See, for instance, Weinberg (1989a, b, c). See also Doebner and Goldin (1992), and Białynicki-Birula and Mycielski
(1976). See also the Schrödinger-Newton semiclassical theory of quantum gravity discussed in section 4.
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travel: the velocity of light. However, in quantum theory with the collapse postulate the wavefunction
instantaneously and randomly collapses into one of the terms of the superpositions of the wavefunction,
no matter of how far away they are. This is in tension with the locality condition of relativity. 19 Indeed,
Einstein, Podolsky and Rosen (EPR) 20 proved that if the Schrödinger evolving wavefunction provides the
complete description of every physical system, then the world must be nonlocal. This was deemed
unacceptable by EPR because it would be in contrast with relativity. They concluded therefore that
quantum theory is incomplete. However, later Bell started from the EPR conclusion and went to compute
some measurable consequences of theories which complete quantum theory in such a local way. 21 It
turned out that the empirical predictions of these theories are at odds with the ones of quantum
mechanics. Therefore, one could perform a sort of crucial test. This was in fact done, and it falsified the
alternatives to quantum theory as envisioned by EPR. 22 That is, any empirically adequate theory would
have to be nonlocal, as locality was the only assumption made in the EPR argument. 23 So the problem
was then how to reconcile quantum nonlocality with relativity. 24 Be that as it may, spontaneous
localization theories are in the same condition as orthodox quantum theory: one needs to show that the
dynamical collapse mechanism is not in contrast with relativity. This is the further constraint mentioned
earlier. Gisin has shown that non-linear deterministic modifications of the Schrödinger equation to
produce a dynamical collapse would permit superluminal signaling. 25 So, the only possibility of avoiding
superluminal signaling is either having a linear deterministic evolution equation or a nonlinear stochastic
one. Since we need nonlinearity to solve the measurement problem (in the case of this strategy), we also
need stochasticity. The model developed by Ghirardi, Rimini and Weber (1986), in contrast with the other
alternatives proposed so far, was the first successful localization theory of this kind. Let’s discuss some of
its details in the next section, as well as the ones of other spontaneous collapse theories.

4. A Short Overview of Spontaneous Localization Theories
As we have seen, deterministic non-linear modifications of the Schrödinger equation result in
superluminal propagation, so let’s just discuss here the progress in non-linear stochastic modifications.
Starting from the late 1960s into the 1980s, people started to look for ways of formalizing measurement
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21 Bell (1964).
22 Freedman and Clauser (1972), Aspect et al. (1981, 1982).
23 See Goldstein et al. 2011] and references therein. Notice that controversies on the reading in Bell’s theorem do not
influence the discussion here.
24 At the time, it was even more problematic because some had argued that quantum mechanics could permit
superluminal signaling: not only there are nonlocal influences, but they could be used to transmit information. In
1980, however the so-called no-signaling theorem was proven, stating that quantum nonlocality cannot be used to
send information faster than light (Ghirardi, Rimini and Weber 1980).
25Gisin (1989). See also Ghirardi and Grassi (1991), Polchinski (1991). Here is a brief summary of Gisin’s proof. It has
been shown (Davies 1976) that only a linear deterministic evolution would transform the original statistical mixture
into an equivalent one (one with the same density matrix). This is important because if the evolved density matrix is
not the same as the original one, there would be superluminal signaling. In fact, take a scenario like to one considered
before, with two observers measuring the properties of two particles in an entangled state. If the initial and the
evolved density matrix were not the same, then the density matrix would have evolved into physically
distinguishable situations. In this way one observer can let the other know what measurement he has decided to
perform on his system, no matter how distant, and this allows faster than light signaling (see Bassi and Hejazi 2015,
for details). Thus, a non-linear deterministic theory would allow for superluminal signaling. The only option for a
non-linear dynamics is therefore to be stochastic.
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processes into the Schrödinger equation. Notably, Barchielli, Lanz and Prosperi, following the work of
Ludwig, 26 studied the dynamics of a macroscopic particle when subjected to appropriate, approximate,
position measurements at equally spaced instants which localize the system. 27 On another front, Ghirardi,
Rimini and Fonda, in the attempt of reconciling the nuclear decay law with quantum mechanics, proposed a
model for unstable systems such as nuclei in which the wavefunction of the decay fragments underwent
dynamical random localization processes at random times. 28 In these papers the localization processes
were phenomenological and not taken to be something fundamental, as they were due to the interaction
of the system with its environment. In addition, Pearle, Gisin, Diósi and others, 29 with the aim of solving
the measurement problem, developed models to account for the wavefunction collapse in terms of a nonlinear, stochastic modification of the Schrödinger equation. In particular, Pearle proposed a non-linear equation
according to which the phases of the state vectors take random values after the interaction with the
measurement apparatus. However, none of these theories could solve the preferred basis problem and
could provide a general account, independent of the type of measurement performed. Also, there was the
trigger problem: it was not clear how to make the localization effective for macroscopic objects but not for
microscopic ones.

4.1 Quantum Mechanics with Spontaneous Localization
These papers were precursors of the first successful spontaneous localization theory, published by
Ghirardi, Rimini and Weber (1986), in which the localization mechanics is spontaneous and fundamental.
This theory was able to successfully suppress only macroscopic superpositions, while keeping
microscopic ones, without relying on any measurement, avoiding the preferred basis problem and
superluminal signaling. Technically, Ghirardi, Rimini and Weber (GRW) wanted to build the collapse
rule into the evolution equation. GRW chose position measurements as fundamental. They followed the work
of Barchielli, Lanz and Prosperi (BLP), but in contrast to them GRW assumed that the localization process
occurs at random times. In the original GRW paper they proposed a non-linear stochastic equation for the
density matrix and not the wavefunction, in contrast to the attempts of Pearle, Gisin and Diósi mentioned
above, even if the suppression mechanism effectively dampens the macroscopic superpositions of the
wavefunction. 30 Importantly, Bell contributed to making the theory well known in the community when
he presented the theory in terms of what this theory does to the wavefunction: the wavefunction evolves
according to the Schrödinger equation for a certain amount of time, then it stochastically localizes at
random times in random places, and then continues to evolve according to the Schrödinger equation, and
so on. 31 Here are some more details about the dynamical collapse mechanism of the GRW theory, which the
authors call QMSL, Quantum Mechanics with Spontaneous Localizations, expressed in terms of the behavior
of the wavefunction, rather than as an evolution equation for the density matrix. Every physical system,

Ludwig (1967, 1968, 1970).
Barchielli, Lanz and Propseri (1982, 1983a,b).
28 Fonda, Ghirardi and Rimini (1978).
29 Pearle (1976, 1979), Gisin (1984), Diósi (1986).
30 I think the reason for this was mainly historical: as noted, GRW were following the work of BLP, who also
developed an equation for the density matrix. Also, since GRW’s idea was to build the collapse postulate into a new
equation for the state, one can think of the collapse in a way which naturally leads to think of density matrices: while
the collapse gives definiteness to the state, one loses information about what the state is. In fact, the indefinite pure
superposition state is transformed by the collapse rule into a definite but unknown mixture: because of the
measurement the superposition ‘collapses’ into one of its terms, but we do not know which. In this way, the collapse
can be seen as transforming a pure superposition state into a statistical mixture. So, one way to formalize this
transition is to write an evolution equation for the density matrix which transforms, for the appropriate macroscopic
systems, the pure state into a statistical mixture.
31 Bell (1987).
26
27
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macroscopic or microscopic, is subject to random and spontaneous localization processes, which GRW
called hittings. The nature of these hittings is left unspecified: there is no mechanism or underlying
explanation of their origin or cause (see section 4.2.3 for gravity induced collapse). This is, roughly, how
this mechanism works. A hitting is just like a position measurement, which collapses the wavefunction in
one of the terms of the superposition. A hitting is mathematically implemented by the wavefunction
being instantaneously multiplied by an appropriately normalized Gaussian function. The width of the
function 𝑑𝑑 represents the localization accuracy, which is a measure of how spread out the wavefunction is
after the localization happens. The spontaneous collapse effectively localizes the wavefunction in a region
of width 𝑑𝑑, suppressing it outside of that region. The localization center is random at a point in threedimensional space with probability density given by the squared norm of the localized wavefunction so
as to reproduce the quantum predictions: there will be more hittings where the probability (in orthodox
quantum theory) of finding the particle if a measurement is performed is greater. The hittings occur at
random times, distributed according to a Poisson distribution, with mean collapse frequency 𝑓𝑓. In between
hittings, the wavefunction evolves linearly according to the Schrödinger dynamics.
This theory automatically takes care of the trigger problem because the localization of one of the
constituents of a macroscopic object amounts to the localization of the object itself. In fact, the
wavefunction of a macroscopic object can be thought as the product of the wavefunctions of its
microscopic constituents, which are not zero only in one of the terms of the superposition. So that if one
of the microscopic systems undergoes localization near a given point, all the macroscopic superposition
will also localize around the same point. This guarantees that the higher the number of particles in the
object, the fastest the localization, so that while microscopic objects do not quickly localize, macroscopic
objects do, as desired. Numerically, the localization accuracy 𝑑𝑑 and the localization frequency 𝑓𝑓 are new
constants of nature. Their values, 𝑑𝑑 = 10−7 m and the frequency 𝑓𝑓 = 10−16 𝑠𝑠 −1 were chosen so that
microscopic systems would undergo a localization on average every hundred million years, while for
macroscopic systems that would be every 10−7 seconds.
A notable feature of spontaneous localization theories is that, since the evolution equation for the
wavefunction is no longer the Schrödinger equation, they do not make the same predictions as orthodox
quantum theory, in contrast with the pilot-wave theory and the many-worlds theory. In particular, as a
consequence of the non-Hamiltonian character of the evolution, energy is not conserved. A rough
estimate of the predicted yearly energy increase for a monoatomic gas (𝑁𝑁~1023 ) is 10−15 K. 32 The
parameters 𝑑𝑑 and 𝑓𝑓 were chosen to make these experimental discrepancies between spontaneous
localization theories and orthodox quantum mechanics so small to be currently undetectable.
Nonetheless, experiments to test spontaneous localization theory are underway, as presented in section
5.1.

4.2 Continuous Collapse Theories
After the first successful proposal, new spontaneous localization models were proposed, most notably
Quantum Mechanics with Universal Position Localization or QMUPL, the Continuous Spontaneous
Localization theory or CSL, and a gravity induced spontaneous collapse theory, also known as the DiósiPenrose (DP) theory. All these theories, including the original GRW proposal, can be written in terms of a
non-linear stochastic evolution equation for the wavefunction in which one can identify three components.
First, there is a Hamiltonian term corresponding to the usual Schrödinger evolution. Then there is a
stochastic component which forces the wavefunction to collapse toward one of the possible position
measurement results (eigenstates of the position operator). The stochastic component is multiplied by a
constant 𝛾𝛾 which expresses the strength of the collapse process. Then there is a third term introduced for
32

Bassi and Ghirardi (2020).
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consistency reasons. 33 GRW-type models can be rewritten along these lines. 34. These collapse theories are
qualitatively equivalent: they all induce the localization of the wave function in space (as opposed to e.g.
energy, or momentum), and the collapse is faster, the larger the system. The difference with GRW-type
theories, in which the localization mechanism is discrete, is that in all these other theories the collapse is
continuous. In these theories the continuous localization which provides the localization mechanism is
mathematically implemented by a stochastic equation representing a diffusion process, so it is as if the
system constantly undergoes small, random fluctuations proper of Brownian motion, and one says that
the body is subject to a universal force ‘noise.’
The simplest continuous spontaneous localization theory is Quantum Mechanics with Universal Position
Localization, or QMUPL, proposed by Diósi. 35 QMUPL can be seen as a simplified version of CSL, 36 and it
has the advantage of allowing for a rigorous mathematical analysis. However, just as in the case of the
original QMSL (the GRW theory), it is built for systems of distinguishable particles.
4.2.1 Indistinguishable Particles
The idea of spontaneous collapse can be generalized to identical particles of different types in the
framework of the Continuous Spontaneous Localization, or CSL, theories in which the discontinuous jumps
are replaced by a continuous stochastic evolution in a way that is more general than the QMUPL. 37 While
QMSL and QMUPL use the so-called first-quantization language, CSL theories are expressed in the
second-quantization formalism, which allows to generalize the theory to a varying number of
indistinguishable particles. Using creation and annihilation operators, the collapse mechanism makes it
the case that superpositions containing different numbers of particles in different points of space are
suppressed, which is equivalent to collapsing the wave function in space, in a second quantized
language. CSL introduces a three-dimensional mass density field 𝑀𝑀, defined as the mass of the particles
multiplied by their number density and weighted through a correlation function, which involves a
correlation length 𝑟𝑟𝐶𝐶 (analog of 𝑑𝑑 in QMSL). 38 That is, the collapse mechanism acts on 𝑀𝑀, which defines a
mass field in three-dimensional space on which the stochastic terms acts. We will discuss again this mass
density CSL in section 5.2. The correlation length 𝑟𝑟𝐶𝐶 and the collapse strength 𝛾𝛾, which is the constant in front
of the stochastic term, are the two parameters of CSL. Their value is set at 𝛾𝛾 = 10−36 𝑚𝑚3 𝑠𝑠 −1 and 𝑟𝑟𝐶𝐶 =
𝛾𝛾
10−7 𝑚𝑚. The collapse frequency 𝑓𝑓 is related to the above constant by the expression: 𝑓𝑓 = 3/2 3 ≅
8𝜋𝜋

2.2 × 10−17 𝑠𝑠 −1 . 39

𝑟𝑟𝐶𝐶

Adler (2004) has argued that if one modifies the Hamiltonian evolution only adding a stochastic term, the norm of
the wavefunction would not be conserved. This can be avoided by normalizing, which however makes the equation
non-linear in a way which leads to superluminal signaling. The problem can be avoided if one adds a suitable extra
term.
34 Girardi, Rimini and Weber (1986), Diósi (1988a, 1988b, 1990), Gatarek and Gisin (1991), Bassi (2005), Bassi, Ippoliti
and Vacchini (2005), Halliwell and Zoupas (1995).
35 Diósi (1989).
36 QMUPL is equivalent to CSL for distances which are small with respect of the localization length 𝑑𝑑 (Dürr, Hinrichs
and Kolb 2011).
37 Pearle (1989), Ghirardi, Pearle and Rimini (1990). Also, Tumulka (2006b,c) has developed a discrete spontaneous
localization theory for a variable number of identical particles, following the work of Dove and Squires (1995) and
questioning the claim that one needs to go to a continuous localization process to handle identical particles, see
Ghirardi (1999) and Bassi and Ghirardi (2003). Other, however unsuccessful, proposals are Ghirardi, Rimini and
Weber (1988) and Kent (1989).
38 Ghirardi, Benatti and Grassi (1995). See also Pearle and Squires (1994).
39 Different values have been suggested by Adler (2007) and falsified: see Bassi, Deckert, and Ferialdi (2010),
Curceanu, Hiesmayr and Piscicchia (2015); Vinante et al. (2016) and Toroš and Bassi (2018).
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4.2.2 New Physical Field: Color of the Noise and Dissipation
Another problem for QMUPL is that the stochastic term (sometimes also dubbed ‘noise’) depends only on
time, while in CSL it also depends on space. This is interesting because it allows for a different reading of
the evolution equation of these theories. The original attitude towards the meaning of these equations
was to think that nature is intrinsically stochastic. However, it is also possible to think of the stochastic
term as representing a new physical field filling space, which couples with (quantum) matter in such a way
to suppress macroscopic superpositions. The new terms in the modified Schrödinger equation are meant
to describe such a coupling. This field is essentially non-quantum (otherwise we still have the
measurement problem) and couples to (quantum) matter through a non-linear coupling. As discussed in
section 4.2.3, some have proposed that the collapse field is connected with gravity, as gravity is nonlinear, and it has not been successfully quantized yet. Because of its lack of spatial dependence in
QMUPL, the stochastic field cannot be immediately identified with a physical collapse field (as physical
fields usually extend in space), while this seems possible in CSL, as the field also depends on space.
Another thing to notice is that in both QMUPL and CSL the collapse field, when thought about in terms
of noise, is said to be white (all frequencies of the noise contribute to the collapse with the same weight)
and the evolution is Markovian (it has no memory: the probability of the state at one time depends only
on the present state and not the past). However, more realistic theories would use colored noises, as a
physical field of gravitational cosmological origin would not be white, as the frequency spectrum needs
to be bounded (it cannot have an infinite number of frequencies). This, therefore, requires a cut-off
frequency which, unfortunately, makes the theory non-Markovian, and thus difficult to investigate. 40
Even more realistic theories include dissipative effects. In the original theories
(QMSL, QMUPL, CSL, with or without colored noises) the collapse noise keeps exchanging energy
without changing temperature: the wavefunction localizes, but at the same time the energy of the system
increases steadily. Dissipative terms have been included through a position and momentum coupling
between the wavefunction and the noise, and this has helped contain the energy increase predicted by the
theory. 41
4.2.3. The Diósi-Penrose Theory
As we have seen, the stochastic term in CSL acts on the mass density field 𝑀𝑀. One motivation for
considering such a field in CSL has to do with the idea of explaining were the collapse is coming from:
gravity. 42 In fact, gravity is universal, and its strength increases with the mass of the system. Also, the
collapse needs to be non-quantum and non-linearly coupled with the (quantum) matter field. Gravity is
neither quantized nor linear. Indeed, other spontaneous localization theories other than CSL have been
proposed to connect the collapse with gravity. There are two approaches to this. 43 First, the SchrödingerNewton (SN) equation which can be derived from a semiclassical theory of gravity, and then the DiósiPenrose, or DP, approach. The semiclassical theory of quantum gravity is a proposed fundamental theory
in which the classical (not quantized) gravitational field couples with the quantum material fields into a
non-linear deterministic equation. The coupling with the gravitational field allows for dampening of the
various terms of a superposition, but in an empirically inadequate way. 44 As we have seen, introducing
some kind of collapse preserving determinism would lead to superluminal signaling, so the only option
A theory of this kind is the non-Markovian QMUPL theory (Bassi and Ferialdi, 2009a,b), while a non-Markovian
CSL theory is still under development (Adler and Bassi, 2007, 2008). General non-Markovian collapse theories have
been discussed in Bassi and Ghirardi (2002), Diósi et al. (1998), Pearle (1993, 1996), Adler and Bassi (2007, 2008).
41 Bassi and Ferialdi (2012a, b).
42 See also Ghirardi, Grassi, and Rimini (1990).
43 Diósi (1986, 1989, 2007), Penrose (1986, 1996). For a review, see Gasbarri et al. (2017).
44 A superposition of two spatial locations would always collapse into the middle, rather than 50% of time on the left
and 50% of the time on the right. See Bahrami et al. (2014).
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is to transform the SN equation into a non-linear stochastic equation. This is what has been done by Diósi
and independently by Penrose, hence the name, Diósi-Penrose (DP) theory. 45 Penrose argued that the
quantum superposition principle is in fundamental contradiction with the general covariance principle of
general relativity, and accordingly he suggested that a macroscopic superposition would spontaneously
decay, due to gravity, after a finite and sufficiently short time. On the other hand, Diósi wanted to
connect the collapse in terms of gravitational interaction because in this way he would also eliminate the
arbitrary parameters which enter the others spontaneous localization theories. So, he proposed a non-linear
stochastic theory similar in structure to CSL but in which the stochastic field is identified with the
gravitational field. Technically, this is implemented by making the stochastic term proportional to the
gravitational potential and acting on the system through a three-dimensional mass density field.
Unfortunately, this parameter-free approach fails because the gravitational potential diverges for small
distances and one has to introduce an effective radius (cut-off) below which particles are considered
point-like. Diósi proposed the natural choice, namely the radius of the nucleon. Notably, the collapse time
scale predicted by Diósi coincides with the one heuristically suggested by Penrose. However, with this
cut-off the theory predicts an unacceptable total energy increase. Ghirardi, Grassi and Rimini showed
that this can be reduced to an acceptable level with a much larger cut-off, which however seems to lack a
proper physical justification. 46 Accordingly, others have explored the possibility of limiting the energy
increase by considering dissipation. This could work at the cost of adding another free parameter (a mass
connected with the energy increase) but only in the mesoscopic regime (masses not too small, not too
large). 47 This limitation reinforces the idea that these theories are actually phenomenological rather than
fundamental descriptions of the world. Moreover, even if this theory (and its modifications) provides an
attempt to explain the origin of the collapse in terms of a gravitational interaction, it does not seem to
succeed at doing so, as the gravitational field does not couple to matter like one would expect (in contrast
with what happens in the SN equation). 48 Also, recent experiments have put very strong constraints on
these theories (see section 5.1).

5. The Empirical and Ontological Adequacy of Spontaneous Localization
Theories
As we have seen, if the wavefunction evolves according to the Schrödinger equation, then without a
collapse rule the theory predicts unobserved macroscopic superpositions and thus it is not empirically
adequate. One way to make quantum theory empirically adequate is the von Neumann collapse rule but
this would introduce a vague and double dynamics. Spontaneous localization theories are empirically
adequate theories with a precise and unified quantum dynamics: the wavefunction evolves according to a
non-linear equation such that microscopic systems may interfere while macroscopic ones cannot.
Objects at all scales are represented by the wavefunction (however, see section 5.2). An electron, for
instance, is not a point-like object with a space-time trajectory. Rather it is a field represented by the
wavefunction and in a double-slit experiment it suitably crosses both slits at the same time. As a direct
consequence of the modified Schrödinger dynamics, when we try to measure the electron location by
A similar idea has been first proposed by Károlyházy (Károlyházy 1976, Károlyházy et al. 1986). An important
early study comparing the Károlyházy theory and GRW was made in Frenkel (1990).
46 Ghirardi Grassi and Rimini (1990). See also Bahrami, Smirne and Bassi (2014).
47 Bahrami et al. (2014).
48 Another spontaneous localization theory based on quantum gravity considerations has been proposed by Ellis,
Hagelinm and Nanopoulos (1984), Ellis, Nanopoulos and Mohanty (1989). In this theory the wavefunction of a
system is effectively localized by the interaction with a bath of quantum wormholes which characterize the spacetime
structure at the Planck length scale. Compared to CSL and DP, this theory is parameter-free, which allows for
unambiguous experimental falsifiability. See Bassi et al. (2013).
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making it interact with a measurement apparatus like a photographic plate, the wavefunction gets
localized at a point, which is the experimental outcome. Macroscopic objects, also represented by the
wavefunction, are almost always narrowly localized in space so that we can think of them as moving
according to the semi-classical laws for all practical purposes. For most macroscopic systems one can
separate the classical center-of-mass motion from the internal GRW-like motion. 49
As we have seen, spontaneous localization theories introduce two new parameters, the collapse
frequency and the localization length (or equivalently the collapse strength and the correlation length).
The original choice for these parameters was guided by the desire of consistency with observations.
However, there is room for more general considerations. In particular, since spontaneous localization
theories are only in practice empirically equivalent to quantum theory, not in principle, there is room for
exploring the possibility of empirically falsifying quantum theory in favor of spontaneous localization
theories, as well as to put bounds on the collapse parameters due to the absence of predicted deviations
from quantum theory. In other words, while for instance QMSL sets a precise value for the parameters,
instead experiments can allow us to plot the physically viable regions in parameter space: the collapse
frequency and the localization distance can only assume these values otherwise we would see an energy
increase, or a temperature increase, or a sound emission, and so on that we do not see.

5.1 Experiments
So, let me briefly mention some of the possible experimental tests relevant for spontaneous localization
theories. First, as we have mentioned already, since the wavefunction evolves according to a modified
Schrödinger equation, energy is no longer conserved. Moreover, one could observe the diffusion induced by
the collapse. These two effects can be measured in cold atoms. 50 Because the collapses tend to add energy
to every system, temperatures of all things increase as well, leading to some universal warming. One can
compute the temperature increase as a function of the two parameters for various objects and obtain
bounds for the value of the parameters by observing the absence of warming in these things. 51
Also, it is possible that the collapse would create so much energy to create a small explosion, with
consequent sound emission. Since no sound emitted by macroscopic matter is observed, this leads to
bounds on the parameters. 52
People have studied the loss of coherence in macromolecules 53 and in other devices of mesoscopic
dimensions. 54 These devices and similar ones, 55 as well as gravitational wave detectors such as LIGO,
AURIGA and LISA Pathfinder 56 could also be used to detect the noise induced by the collapse. 57
Another way is to constrain the parameters by determining the scale at which a given system can still
interfere. Since collapse can destroy interference, every successful diffraction and interference experiment
puts bounds on the parameters.
Because of the collapse, some otherwise stable system may emit radiation, contrary to what predicted by
quantum theory. Experiments measuring the spontaneous radiation emission from atoms provide the
Ghirardi, Rimini and Weber 1986.
Laloë, Muillin and Pearle (2014) and Bilardello et al. (2016).
51 Adler (2007). However, this type of experiments seems to be inconclusive, as it is difficult to account for all the
possible ways of the body to cool off. See Feldmann and Tumulka (2012).
52 Feldmann and Tumulka (2012).
53 Arndt et al. (1999), Hackermueller et al. (2004), Eibenberger et al. (2013, Fein et al. (2019).
54 Marshall et al. (2003), Bassi, Ippoliti and Adler (2005).
55 Collett and Pearle (2003), Bahrami, Paternostro et al. (2014), Nimmrichter et al. (2014), Diósi (2015), Vinante et al.
(2016), Vinante et al. (2017), Zheng et al. (2020), Pontin et al. (2020).
56 Carlesso et al. (2016), Helou et al. (2017).
57 For recent developments see Carlesso, Vinante, et al. (2018), Carlesso, Paternostro, et al. (2018), Schrinski, Stickler,
and Hornberger (2017), Komori et al. (2020).
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strongest upper bound on the parameters. 58 This type of experiments have also recently been used to test
the DP theory. In fact, the gravity induced collapse depends on the mass of the system and is random.
This results in a diffusion of the particles’ motion which if charged begin to radiate. The radiation
emission rate has been computed, experiments were performed, and they rule out the DP theory. 59
Spontaneous localization theories have also empirical consequences for supercurrents in a superconducting
ring 60 as the collapse would break the Cooper pairs, and thus, the supercurrent would spontaneously
decay (unless the Cooper pairs get re-created) at a given rate. 61

5.2 Ontology
Scientific antirealists believe that a satisfactory theory only needs to account for the experimental
outcomes. However, one thing is to say that the theory has to be satisfactory at the macroscopic level in
this way, and another is for the theory to provide a sensible microscopic description of reality giving rise
to the results the theory accurately reproduces. This second requirement is something desirable for a
scientific realist, who believes that spontaneous localization theories are able to provide approximately
true descriptions of reality. By suppressing macroscopic superpositions, spontaneous localization theories
will satisfy the first requirement, and thus antirealists would be happy. But what about the second? Can
these theories be made satisfactory to the scientific realist too? In other words, now the question is about
ontology: what is matter made of in spontaneous localization theories? If one starts from the formalism,
since in spontaneous localization theories one only has an evolution equation for the wavefunction, it
seems natural to think that the wavefunction represents the (microscopic and macroscopic) description of
the world. This is similar to what happens in classical physics, where the fundamental equation is an
evolution equation for mathematical objects that could be taken to represent point particles. This view is
called wavefunction realism. 62 However, there are arguments against this view. The possibility of
considering the wavefunction as a physical field was initially entertained by Schrödinger when he
proposed his own equation. 63 Still, he dismissed it because the wavefunction is not a field in three-dimensional
space, like electromagnetic fields, but it is on configuration space: the space of the configurations of all
particles. That is, the wavefunction lives in a space with dimensions equal to three times the number of
particles in the system. Schrödinger found unacceptable to think that such an object could represent
something truly vibrating. 64 This problem is sometimes called the configuration space problem. People who
accept this as a problem are drawn to the so-called primitive ontology approach, according to which only
mathematical objects in three-dimensional space (or four-dimensional spacetime) can satisfactorily
represent physical systems: particles have three-dimensional trajectories, fields vibrate in threedimensional space. Mathematical objects in the theory which are more abstract (like for instance the
wavefunction) are not the right kind of objects to represent matter. 65

58 Fu (1997), Adler and Bassi (2007), Adler et al. (2009), Adler, Bassi and Donadi (2013), Bassi and Donadi (2014);
Donadi, Deckert, and Bassi (2014), Donadi and Bassi (2014). Curceanu, Hiesmayr, and Piscicchia (2015), Curceanu et
al. (2016), Piscicchia et al. (2017) have rejected Adler’s proposal (2007) for a change of the frequency of the
localizations, unless CSL is modified by taking a non-white noise (which is actually a reasonable assumption, if the
noise is physical).
59 See Donadi et al. (2020) for details.
60 Rae (1990), Buffa et al. (1995), Leggett (2002), Adler (2007). However, the current estimates do not include the
possibility of re-creation of the Cooper pairs.
61 Feldmann and Tumulka (2012).
62 See Albert and Ney (2013) and references therein.
63 Schrödinger (1928).
64 See Bacciagaluppi and Valentini (2009), Bricmont (2016), Norsen (2017) and references therein.
65 Allori et al. (2008), Allori (2013), Allori (2015), Allori (2019).
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This attitude is consistent with the way in which these theories have been formulated. In fact, taking
position (in three-dimensional space) as the preferred basis and solving the trigger problem by giving
preference to position measurements would be arbitrary choices if we did not already think of threedimensional space as privileged and fundamental, namely as the space in which material stuff lives.
Also, Ghirardi, Benatti and Grassi (GBG) argued that CSL would not be ontologically satisfactory unless
it is seen as a theory of something else, other than the wavefunction. 66 In fact, if the wavefunction
correctly represented physical systems, then the distance between two wavefunctions would capture how
states (as represented by wavefunctions) are physically different. However, this is not the case. Take, for
instance the following three states: ℎ, ℎ∗ and 𝑡𝑡, where ℎ and 𝑡𝑡 represent different macroscopic properties
of an object, such as being localized ‘here’ and ‘there,’ while ℎ∗ is a state identical to ℎ, but for one
particle being in a state orthogonal to the corresponding particle in ℎ. Then, macroscopically, ℎ, and ℎ∗
are indistinguishable and different from 𝑡𝑡. Despite of this, however, the distance between ℎ and ℎ∗ is
equal to that between ℎ and 𝑡𝑡. As a consequence, GBG concluded that macroscopic systems would be
better represented by something other than the wavefunction. In other words, one needs to supplement,
also in spontaneous localization theories, the description of the system provided by the wavefunction by
some three-dimensional entity. For reasons that have to do with gravity, GBG argued that the ontology of
spontaneous localization theories is provided by a mass density field in three-dimensional space defined in
terms of the wavefunction as we have seen earlier. This three-dimensional mass field is the ontology of
this spontaneous localization theory, dubbed GRWm or CSLm.
Now that we have discussed how people have argued that spontaneous localization theories need to be
specified an ontology different from the wavefunction, then we can explore different possibilities. First
there is an alternative proposal is to have spontaneous localization theories with a discrete
spatiotemporal ontology, called ‘flashes:’ they are events in space-time that are identified by the spacetime points at which the wavefunction collapses. In this theory, labelled GRWf, matter thus is in this case
a galaxy of such events. 67 This theory has been proposed because it seems to be the most suitable to be
extended to relativity (see section 6).
Then, there are spontaneous localization theories with a particle ontology, GRWp. 68 Here particles evolve
according to the same guidance law of the pilot-wave theory, and the wavefunction evolves according to
the Schrödinger equation. Then randomly the wavefunction collapses in the actual position of the
particle, and the particle’s location jumps at random. This theory has the advantage of having the
simplest ontology, particles. However, with its doubly stochastic evolution, both for the particle and for
the wavefunction, it is difficult to see what advantage this theory could have when compared to the pilotwave theory, where both the wavefunction and the particle evolve deterministically.

5.3 Mutual Constraints
It turns out that one can put different bounds on the parameters depending on the ontology of the
spontaneous localization theory. First, let me notice that GRWp puts no constraints on the parameters. In
fact, if the collapse frequency is zero, namely there are no wavefunction collapses, the theory reduces to
the pilot-wave theory (which solves the measurement problem by adding particles’ positions, not by
suppressing macroscopic superpositions). Also, even if 𝑓𝑓 is large the theory does not need to suppress the
macroscopic superpositions in order to solve the measurement problem. In fact, if 𝑓𝑓 is not zero, the
particles evolve stochastically but no value of 𝑓𝑓 or 𝑑𝑑 prevents the theory to successfully solve the
measurement problem. This is because in this framework the solution of the measurement problem
Ghirardi, Benatti and Grassi (1995).
Bell (1987).
68 For the very first hint at such a theory see Bohm and Hiley (1993). Also, see Allori (2020) for an analysis of the
various spontaneous localization theories of particles.
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depends on the particle ontology, which has no superpositions, while the superpositions of the
wavefunction have no physical meaning. 69
In the case of GRWm, macroscopic objects are made of mass density fields, which, in contrast to the case
of GRWp, inherits the superpositions of the wavefunction. So in order to keep macroscopic
superpositions suppressed one needs that there are enough collapses per second (that is, the collapse
frequency 𝑓𝑓 needs to be large enough) and that the localization distance is not too large (that is, the
localization distance 𝑑𝑑 needs to be sharp enough). Notice that if there are no collapses (𝑓𝑓 = 0), then one
would go back to orthodox quantum theory but now with a mass density field, so the theory would still
solve the measurement problem but this time resorting to a many-world strategy.
If instead the world is described by GRWf, since one flash occurs at every collapse, if there are few
collapses per second then the flashes could not be enough to possibly represent a macroscopic object.
That would make the theory unsatisfactory for a different reason than GRWm: while for small 𝑓𝑓 GRWm
would describe many-worlds, GRWf would represent no world at all. GRWf would also be unsatisfactory
if 𝑑𝑑, the characteristic length, is too large because that would mean that the flashes would be spread out
in too large of a region. Therefore, this would not allow for an empirically appropriate description of the
macroscopic world as we see it. In this way, if experiments can pose a bound from above, philosophical
considerations like the ones above provide a bound from below: if there are very few collapses (small
collapse frequency) and they are not too sharp (large localization distance) then they are inefficacious and
do not suppress macroscopic superpositions. 70
Interestingly, if future experiments end up falsifying quantum theory and confirming spontaneous
localization theories for parameters in the philosophically unsatisfactory region one would have to
conclude that a flash ontology could not be correct as a parameter in these region would make the theory
describe no macroscopic world. The same would be true in the case of a mass density ontology, unless we
embrace the idea that there are many-worlds. So, this would leave us either with a particle single-world
ontology, or with a mass-density, many-worlds ontology. 71

6. Relativistic Extensions
Let me conclude the paper with the next challenge the spontaneous localization program is facing,
namely making the theories compatible with relativity theory. All the spontaneous localization theories
discussed so far are non-relativistic. The problems in constructing a relativistic extension of this type of
theories have to do with reconciling the instantaneous collapse process with the nonlocality of quantum
correlations. We have seen in section 3.4 that spontaneous localization theories we have considered (in
virtue of being non-linear and stochastic) do not allow for superluminal signaling. However, even if a
theory does not allow superluminal signaling that does not mean it is necessarily compatible with
relativity: the pilot-wave theory does not allow superluminal signaling (there’s no access to the particles’
configuration) but it requires a preferred foliation, arguably violating the spirit of relativity.
As already anticipated, the tension between quantum theory and relativity is exemplified by the violation
of Bell’s inequality and therefore of locality. Some have argued that there are two ways in which a theory
could violate locality: in an EPR-type of experiment where there are two experimenters at opposite sides
of a source of entangled particles, the outcomes of one side may depend on the type of experiment the
other experimenter decides to perform (parameter dependence), or they can depend on the other
See Allori (2020) and references therein.
In fact, GRWm could now be interpreted as a theory representing a different world for each superposition term
(Allori et al. 2008.).
71 Feldmann and Tumulka (2012).
69
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experimenter’s outcome (outcome dependence). 72 It is also argued that outcome dependence is easier to reconcile
with relativity. The idea is roughly that in a parameter dependent theory the settings on one side would
have a causal influence on the result on the other side, suggesting action at a distance. Instead, in an
outcome dependent theory the correlations between the outcomes cannot be explained locally, and thus
the theory does not necessarily conflict with relativity. 73 Deterministic theories such as the pilot-wave
theory are parameter dependent, thus can be made relativistic invariant only by adding a preferred
slicing of space-time (a foliation). 74 However, this seems to be contrary to the spirit of relativity, according
to which there is no preferred frame. Instead, stochastic theories like spontaneous localization theories are
outcome dependent (in virtue of the stochasticity of the law), 75 and thus people are being optimistic about
obtaining a genuine relativistic invariant spontaneous localization theory.
The first attempt aimed at making CSL relativistic invariant, following Bell, 76 used a TomonagaSchwinger equation instead of the Schrödinger equation in the evolution of the theory. 77 However, this
creates an infinite production of energy per unit of time and volume, due to the white noise. As already
mentioned, proposals with a non-white noise have been put forward but they are mathematically very
difficult to explore. 78
Pearle has proposed without success to avoid this infinite energy increase by considering a tachyonic
noise in place of a white noise. 79 On a different front, Dowker and collaborators have put forward a
spontaneous collapse model on a lattice. 80
Important progress has been made by Tumulka, generalizing a previous idea of Bell based on the flash
ontology. 81 He has proposed a relativistic discrete CSL theory dubbed rGRWf, which describes a system
of distinguishable noninteracting ‘particles’, based on the multi-time formalism and one Dirac equation
per ‘particle.’ 82 This theory has also been recently extended to interacting ‘particles’. 83
A relativistic GRWp theory needs to be fully developed. 84 Instead, a relativistic GRW theory with a mass
density ontology has been proposed, disputing the claim that relativistic invariance requires a flash
ontology. 85
Clearly, more work needs to be done to reconcile spontaneous localization theories with the theory of
relativity, but the prospects of succeeding seem much better than perceived in the past. To conclude, let
me mention a completely different attitude toward the issue. 86 The idea is that spontaneous localization
theories should be understood as phenomenological and thus there is no need to require for them relativistic
Suppes and Zanotti (1976), van Fraassen (1982), Jarrett (1984), Shimony (1984).
Ghirardi (2010), Myrvold (2015). For a criticism, see Norsen (2009).
74 Berndl et al. (1996)
75Ghirardi et al. (1993).
76 Bell (1989, 1990).
77 While the Schrödinger equation tells you what happens to the state from one time to the next as the system
advances infinitesimally, this theory instead takes as fundamental an arbitrary space-like surface, and defines the
evolution of the state from one such surface to the next.
78 See Pearle (1989), Diósi (1990), Bassi and Ghirardi (2002) for nonrelativistic spontaneous localization models with
non-white noise. See Nicrosini and Rimini (2003) for an attempt to reduce the energy increase in the relativistic
theory. See Pearle (2009) and Myrvold (2017) for criticisms.
79 See Pearle (1999) for the proposal, and his admission the model is unsuccessful Pearle (2009). Recently new
proposals which involve the introduction of auxiliary fields have been put forward by Bedingham (2011).
80 Dowker and Henson (2004), Dowker and Herbauts (2004).
81 Bell (1987).
82 Tumulka (2006a).
83 Tumulka (2020).
84 However, see Allori (2020).
85 Bedingham et al. (2014).
86 Adler (2004).
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invariance. If one assumes that the random field causing the collapse of the wavefunction is a physical
field filling space and possibly having a cosmological origin, then the noise would select a privileged
reference frame. The underlying theory, out of which these equations would emerge at an appropriate
scale, should instead respect relativistic invariance. Such a theory would explain the origin of the collapse
field which, because of the initial conditions, would break the relevant symmetry.
However, this attitude may undermine the main motivation to prefer spontaneous localization theories
over, say, the pilot-wave theory. Among the non-relativistic solutions of the measurement problem, the
simplest seems to be the pilot-wave theory because both the evolution for the particles’ motion and for
the wavefunction are deterministic. Instead, when considering relativistic extensions, we cannot say the
same. Rather one would lean towards spontaneous localization theories because they do not require a
preferred foliation, in contrast with the pilot-wave theory. However, if we no longer require relativistic
invariance for these theories because they are phenomenological, why would we ever want to consider
non-linear, stochastic modifications of the wavefunction evolution if the measurement problem may be
solved by the deterministic, linear equation of the pilot-wave theory? This question seems particularly
pressing if one thinks that theories need an ontology in three-dimensional space (a primitive ontology), so
that in both the pilot-wave theory and spontaneous localization theory one needs to add something over
and above the wavefunction. Nonetheless, I think this question arises also for wavefunction realists. In
fact, on the one hand they would claim that spontaneous localization theories do not add anything, and
thus they should be preferred to other deterministic theories with an inflated ontology like the pilot-wave
theory, even if they are not relativistic invariant. Indeed, they could say that, given that in gravitation
induced collapse theories the collapse is real and not merely effective like in the pilot-wave theory,
spontaneous localization theories thought as phenomenological allow us to unify all known forces by
connecting the collapse with gravity. However, I think this line of thought ultimately backfires, as
theories with gravitation induced collapse would look particularly cumbersome. In fact, there would be
the fundamental quantum field living in a high dimensional space, represented by the wavefunction in
configuration space, and then there would be the gravitational field in three-dimensional space. How
would the two fields ultimately interact, if they belong to two different spaces? One may respond that the
fundamental space is the ‘largest’ one, and that the gravitational field merely is confined in threedimensions. Still, why is that? What is special about the gravitational field with respect from the others?
These questions suggest that we are far from having a clear picture about quantum theory in general, and
the nature and origin of the collapse in particular. Even so, tremendous progress has been made in recent
years, both at the experimental and the theoretical level: new experimental settings have been proposed
to test the boundaries of the spontaneous localization theories, several new models have been proposed
to combine these theories with relativity, and more and more physicists and philosophers have taken the
foundations of quantum theory more seriously. These encouraging results allow us to be cautiously
optimistic that soon we will have more answers to our questions.

17

References
•

[Adler 2002] Adler, Stephen L.: 2002. “Environmental Influence on the Measurement Process in Stochastic
Reduction Models.” Journal of Physics A 35 (4): 841-858.

•

[Adler 2004] Adler, Stephen L.: 2004. Quantum Theory as an Emergent Phenomenon. Cambridge: Cambridge

•

[Adler 2007] Adler, Stephen L.: 2007. “Lower and Upper Bounds on CSL Parameters from Latent Image

University Press.
Formation and IGM Heating.” Journal of Physics A 40: 2935-57.
•

[Adler and Bassi 2007] Adler, Stephen, L., and Angelo Bassi: 2007. “Collapse Models with Non-white

•

[Adler and Bassi 2008] Adler, Stephen, L., and Angelo Bassi: 2008. “Collapse Models with Non-white

Noise.” Journal of Physics A 40 (50): 15083-15098.
Noises II: Particle-density Coupled Noises.” Journal of Physics A 41: 395308.
•

[Adler and Ramazangoglu 2009] Adler, Stephen L., and Fethi M. Ramazanoglu: 2009. “Photon-Emission

•

[Adler et al. 2001] Adler, Stephen. L.; Dorje C. Brody, Todd A. Brun and Lane P. Hughston: 2001.

Rate from Atomic Systems in the CSL Model.” Journal of Physics A 42(10): 109801.
“Martingale Models for Quantum State Reduction.” Journal of Physics A 34 (42): 8795-8820.
•

[Adler, Bassi and Donadi 2013] Adler, Stephen L., Angelo Bassi, and Sandro Donadi: 2013. “On

•

[Albert and Ney 2013] Albert, David Z., and Alyssa Ney (eds.): 2013. The Wave Function: Essays in the

Spontaneous Photon Emission in Collapse Models.” Journal of Physics A 46(24): 245304.
Metaphysics of Quantum Mechanics. Oxford University Press.
•

[Allori 2013] Allori, Valia: 2103. “Primitive Ontology and the Structure of Fundamental Physical
Theories.” In: D. Albert, A. Ney (eds.), The Wave Function: Essays in the Metaphysics of Quantum Mechanics:
58-75. Oxford University Press.

•

[Allori 2015] Allori, Valia: 20195. “Primitive Ontology in a Nutshell.” International Journal of Quantum
Foundations 1 (3): 107-122.

•

[Allori 2019] Allori, Valia: 2019. “Scientific Realism without the Wave-Function,” In: J. Saatsi and S.
French (eds.), Scientific Realism and the Quantum: 212-228. Oxford University Press.

•

[Allori 2020] Allori, Valia: 2020. “Spontaneous Localization Theories with a Particle Ontology.” In: V.
Allori, A. Bassi, D, Dürr, and N. Zanghì (eds.), Do Wave Functions Jump? Perspectives on the Work of
GianCarlo Ghirardi: 73-94. Springer (2020).

•

[Allori et al. 2008] Allori, Valia, Sheldon Goldstein, Roderich Tumulka, and Nino Zanghì: 2008. “On the
Common Structure of Bohmian Mechanics and the Ghirardi-Rimini-Weber Theory.” The British Journal for
the Philosophy of Science 59 (3): 353-389.

•

[Arndt et al. 1999] Arndt, Markus, Olaf Nairz, Julian Vos-Andreae, Claudia Keller, Gerbrand van der
Zouw, and Anton Zeilinger: 1999. “Wave–Particle Duality of C60 Molecules.” Nature 401(6754): 680-682.

•

[Aspect et al. 1981] Aspect, Alain, Philippe Grangier, and Gérard Roger: 1981. “Experimental Tests of
Realistic Local Theories via Bell's Theorem.” Physical Review Letters 47 (7): 460-466.

•

[Aspect et al. 1982] Aspect, Alain, Philippe Grangier, and Gérard Roger: 1982. “Experimental Test of Bell's
Inequalities Using Time-Varying Analyzers.” Physical Review Letters 49 (25): 1804-1807.

•

[Bacciagaluppi and Valentini 2009] Bacciagaluppi, Guido, and Antony Valentini: 2009. Quantum Theory at
the Crossroads: Reconsidering the 1927 Solvay Conference. Cambridge: Cambridge University Press.

•

[Bahrami et al. 2014] Bahrami, Mohammad, André Grossardt, Sandro Donadi, and Angelo Bassi: 2014.
“The Schrödinger – Newton Equation and its Foundations.” New Journal of Physics 16: 115007.

18

•

[Bahrami, Paternostro et al. 2014] Bahrami, Majid, Mauro Paternostro, Angelo Bassi, and Hendrik
Ulbricht: 2014. “Proposal for a Noninterferometric Test of Collapse Models in Optomechanical Systems.”
Physical Review Letters 112(21): 210404.

•

[Bahrami, Smirne and Bassi 2014] Boahrami, Mohammad, Andrea Smirne, and Angelo Bassi: 2014. “Role
of Gravity in the Collapse of the Wave Function: A Probe into the Diósi-Penrose Model.” Physical Review
A 90: 062105.

•

[Barchielli, Lanz, and Prosperi 1983b] Barchielli, Alberto, Ludovico Lanz, and Giovanni Maria Prosperi:
1983. In: S. Kamefuchi et al. (eds.) “Statistic of Continuous Trajectories and the Interpretation of Quantum
Mechanics.” Proceedings of the International Symposium on the Foundations of Quantum Mechanics: 165-179.
The Physical Society of Japan, Tokyo.

•

[Barchielli, Lanz, and Prosperi 1982] Barchielli, Alberto, Ludovico Lanz, and Giovanni Maria Prosperi:
1982. “A Model for the Macroscopic Description and Continual Observations in Quantum Mechanics.” Il
Nuovo Cimento B 72: 79-121.

•

[Barchielli, Lanz, and Prosperi 1983a] Barchielli, Alberto, Ludovico Lanz, and Giovanni Maria Prosperi:
1983. “Statistics of Continuous Trajectories in Quantum Mechanics: Operation-valued Stochastic
Processes.” Foundations of Physics 13: 779-812.

•

[Bassi 2005] Bassi, Angelo: 2005. ”Collapse Models: Analysis of the Free Particle Dynamics.” Journal of
Physics A 38 (14): 3173-3192.

•

[Bassi, Deckert and Ferialdi 2010] Bassi, Angelo, Dirk-André Deckert, and Luca Ferialdi: 2010. “Breaking
Quantum Linearity: Constraints from Human Perception and Cosmological Implications.” Europhysics
Letters 92: 50006.

•

[Bassi and Donadi 2014] Bassi, Angelo and Sandro Donadi: 2014. “Spontaneous Photon Emission from a
Non-Relativistic Free Charged Particle in Collapse Models: A Case Study.” Physics Letters A 378(10): 761765.

•

[Bassi and Ferialdi 2009a] Bassi, Angelo, and Luca Ferialdi: 2009. “The Non- Markovian Dynamics for a
Free Quantum Particle Subject to Spontaneous Collapse in Space: General Solution and Main Properties.”
Physical Review A 80: 012116.

•

[Bassi and Ferialdi 2009b] Bassi, Angelo, and Luca Ferialdi: 2009. “Non-Markovian Quantum Trajectories:
An Exact Result.” Physical Review Letters 103: 050403

•

[Bassi and Ferialdi 2012a] Bassi, Angelo, and Luca Ferialdi: 2012. “Dissipative Collapse Models with
Nonwhite Noises.” Physical Review A 86 (2), 022108.

•

[Bassi and Ferialdi 2012b] Bassi, Angelo, and Luca Ferialdi: 2012.” Exact Solution for a Non-Markovian
Dissipative Quantum Dynamics.” Physical Review Letters 108 (17): 170404

•

[Bassi and Ghirardi 2002] Bassi, Angelo, and GianCarlo Ghirardi: 2002. “Dynamical Reduction Models
with General Gaussian Noises.” Physical Review A 65: 042114.

•

[Bassi and Ghirardi 2003] Bassi, Angelo, and GianCarlo Ghirardi: 2003. “Dynamical Reduction
Models.” Physics Reports 379: 257.

•

[Bassi and Ghirardi 2020] Bassi, Angelo, and GianCarlo Ghirardi: 2020. “Collapse Theories.” The Stanford
Encyclopedia of Philosophy. Edward N. Zalta (ed.), URL = <https://plato.stanford.edu/entries/qm-collapse/>.

•

[Bassi and Hejazi 2015] Bassi, Angelo, and Kasra Hejazi: 2015. “No-faster-than-light-signaling Implies
Linear Evolutions. A Re-derivation.” European Journal of Physics 36 (5): 055027.

•

[Bassi and Ippoliti 2004] Bassi, Angelo, and Emiliano Ippoliti: 2004. “Numerical Analysis of a
Spontaneous Collapse Model for a Two-level System.” Physical Review A 69: 012105.

19

•

[Bassi et al 2013] Bassi, Angelo, Kinjalk Lochan, Seema Satin, Tejinder P. Singh, and Hendrik Ulbricht:
2013. “Models of Wave-function Collapse, Underlying Theories, and Experimental Tests.” Review of
Modern Physics 85: 47141.

•

[Bassi, Ippoliti, and Adler 2005] Bassi, Angelo, Emiliano Ippoliti and Stephen L. Adler: 2005. “Towards
Quantum Superpositions of a Mirror: An Exact Open System Analysis.” Physical Review Letters 94: 030401.

•

[Bassi, Ippoliti and Vacchini 2005] Bassi, Angelo, Emiliano Ippoliti and Bassano Vacchini: 2005. “On the
Energy Increase in Space-collapse Models.” Journal of Physics A 38 (37): 8017-8038.

•

[Bedingham 2011] Bedingham, Daniel J.: 2011.” Relativistic State Reduction Dynamics.” Foundations of
Physics 41: 686-704.

•

[Bedingham et al. 2014] Bedingham, Daniel, Detlef Dürr, GianCarlo Ghirardi, Sheldon Goldstein,
Roderich Tumulka, and Nino Zanghì: 2014. “Matter Density and Relativistic Models of Wave Function
Collapse.” Journal of Statistical Physics 154 (1-2), 623-631.

•

[Bell 1964] Bell, John S.: 1964. “On the Einstein-Podolsky-Rosen Paradox.” Physics 1: 195-200.

•

[Bell 1987] Bell, John S.: 1987. “Are There Quantum Jumps?” In: C.W. Kilmister (ed.) SchrödingerCentenary Celebration of a Polymath. Cambridge University Press: Cambridge.

•

[Bell 1989] Bell, John S.: 1989. “The Trieste Lecture of John Stewart Bell.” Printed in: A. Bassi and G.C.
Ghirardi (eds.), Journal of Physics A 40(12): 2919-2933 (2007).

•

[Bell 1990] Bell, John S.:1990. “Against ‘Measurement.’” In: A. I. Miller (ed.), Sixty-Two Years of
Uncertainty: Historical, Philosophical, and Physical Inquiries into the Foundations of Quantum Mechanics: 17-31.
Springer.

•

[Benatti et al. 1988] Benatti, Fabio, GianCarlo Ghirardi, Alberto Rimini, and Tullio Weber: 1988.
“Operations Involving Momentum Variables in non-Hamiltonian Evolution Equations.” Il Nuovo Cimento
B 101: 333-355.

•

[Berndl et al. 1996] Berndl, Karin, Detlef Dürr, Sheldon Goldstein, and Nino Zanghì: 1996. “Nonlocality,
Lorentz Invariance, and Bohmian Quantum Theory.” Physical Review A 53: 2062-2073.

•

[Białynicki-Birula and Mycielski 1976] Białynicki-Birula, Iwo, and Jerzy Mycielski: 1976. “Nonlinear Wave
Mechanics.” Annals of Physics 100 (1-2): 62-93

•

[Bilardello et al. 2016] Bilardello, Marco, Sandro Donadi, Andrea Vinante, and Angelo Bassi: 2016.

•

“Bounds on Collapse Models from Cold-atom Experiments.“ Physica A 462: 764-782.
[Bohm 1952] Bohm, David: 1952. “A Suggested Interpretation of the Quantum Theory in Terms of
‘Hidden’ Variables, I and II.” Physical Review 85(2): 166–193.

•

[Bohm and Hiley 1993] Bohm, David, and Hiley, Basil J.: 1993. The Undivided Universe. London:

•
•

[Bricmont 2016] Bricmont, Jean: 2016. Making Sense of Quantum Mechanics. Springer.
[Buffa et al. 1995] Buffa, Mariamargherita, Oreste Nicrosini and Alberto Rimini: 1995. “Dissipation and
Reduction Effects of Spontaneous Localization on Superconducting States.” Foundations of Physics Letters
8(2): 105-125.
[Carlesso et al. 2016] Carlesso, Matteo, Angelo Bassi, Paolo Falferi and Andrea Vinante: 2016.
“Experimental Bounds on Collapse Models from Gravitational Wave Detectors.” Physical Review D 94(12):
124036.
[Carlesso, Paternostro et al. 2018] Carlesso, Matteo, Mauro Paternostro, Hendrik Ulbricht, Andrea
Vinante, and Angelo Bassi: 2018. “Non-Interferometric Test of the Continuous Spontaneous Localization
Model Based on Rotational Optomechanics.” New Journal of Physics 20(8): 083022.

Routledge.

•

•

20

•
•

[Carlesso, Vinante et al. 2018] Carlesso, Matteo, Andrea Vinante, and Angelo Bassi” 2018. “Multilayer Test
Masses to Enhance the Collapse Noise.” Physical Review A 98(2): 022122.
[Collett and Pearle 2003] Collett, Brian, and Philip Pearle: 2003. “Wavefunction Collapse and Random
Walk.” Foundations of Physics 33(10): 1495–1541.

•

[Curceanu, Hesmayr, Piscicchia 2015] Curceanu, Catalina, Beatrix C. Hiesmayr, and Kristian Piscicchia:

•

[Curceanu et al. 2016] Curceanu, Catalina, Sandro Bartalucci, Angelo Bassi, Massimiliano Bazzi, Sergio

2015. “X-rays Help to Unfuzzy the Concept of Measurement.” Journal of Advanced Physics 4(3): 263-266.
Bertolucci, Carolina Berucci, A. M. Bragadireanu, Michaael Cargnelli, Alberto Clozza, Luca De Paolis,
Sergio Di Matteo, Sandro. Donadi, A D’Uffizi, Jean-Pierre Egger, Carlo Guaraldo, M. Iliescu, T.
Ishiwatari, Matthias Laubenstein, Johann Marton, Edoardo Milotti, Anderas Pichler, D. Pietreanu,
Kristian Piscicchia, T. Ponta, E. Sbardella, Alessandro Scordo, Hexi Shi, D.L. Sirghi, Florin Sirghi, L.
Sperandio, Oton Vazquez Doce, and Johann Zmeskal: 2016. “Spontaneously Emitted X-Rays: An
Experimental Signature of the Dynamical Reduction Models.” Foundations of Physics 46(3): 263-268.
•
•
•

[Davies 1976] Davies, Edward B.: 1976. Quantum Theory of Open Systems. Academic Press, London.
[de Broglie 1924] de Broglie, Louis: 1924: Recherches sur la Theorie des Quanta (Researches on the Quantum
Theory). Thesis, Paris (1924); de Broglie, Louis: 2015: Annals of Physics 3: 22.
[Diósi 1984] Diósi, Lajos: 1984. “Gravitation and Quantum Mechanical Localization of Macroobjects.”
Physics Letters A 105:199–202.

•

[Diósi 1988a] Diósi, Lajos: 1988. “Localized Solution of Simple Nonlinear Quantum Langevin-equation.”

•

[Diósi 1988b] Diósi, Lajos: 1988. “Quantum-stochastic Processes as Models for State Vector Reduction.”

Physics Letters A 132 (5): 233-236.
Journal of Physics A 21:2885-2898.
•

[Diósi 1989] Diósi, Lajos: 1989. “Models for Universal Reduction of Macroscopic Quantum Fluctuations.”

•

[Diósi 1990] Diósi, Lajos: 1990. “Relativistic Theory for Continuous Measurement of Quantum Fields.”

Physical Review A 40 (3): 1165-1174.
Physical Review A 42 (9): 5086-5092.
•

[Diósi 2007] Diósi, Lajos: 2007. “Notes on Certain Newton Gravity Mechanisms of Wavefunction

•

[Diósi 2015] Diósi, Lajos: 2015. “Testing Spontaneous Wave-Function Collapse Models on Classical

Localization and Decoherence.” Journal of Physics A 40(12): 2989.
Mechanical Oscillators.” Physical Review Letters 114(5): 050403.
•

[Diósi et al. 1998] Diósi, Lajos, Nicolas Gisin, and Walter T. Strunz: 1998. “Non-Markovian Quantum State

•

[Doebner and Goldin 1992] Doebner, Heinz D., and Gerald A. Goldin (1992). “On a General Nonlinear

Diffusion.” Physical Review A 58: 1699.
Schrödinger Equation Admitting Diffusion Currents.” Physics Letters A 162 (5): 397-401.
•

[Donadi and Bassi 2014] Donadi, Sandro, and Angelo Bassi: 2014. “The Emission of Electromagnetic
Radiation from a Quantum System Interacting with an External Noise: A General Result.” Journal of
Physics A 48(3): 035305.

•

[Donadi et al. 2020] Sandro Donadi, Kristian Piscicchia, Catalina Curceanu, Lajos Diósi, Matthias
Laubenstein, and Angelo Bassi: 2020. “Underground Test of Gravity-related Wave Function Collapse.”
Nature Physics https://doi.org/10.1038/s41567-020-1008-4

•

[Donadi, Deckert and Bassi 2014] Donadi, Sandro, Dirk-André Deckert, and Angelo Bassi: 2014. “On the
Spontaneous Emission of Electromagnetic Radiation in the CSL Model.” Annals of Physics 340(1): 70-86.

•

[Dove and Squires 1995] Dove Chris, and Evan J. Squires: 1995. “Symmetric Versions of Explicit
Wavefunction Collapse Models.” Foundations of Physics 25: 1267-82.

21

•

[Dowker and Henson 2004] Dowker, Fay, and Joe Henson: 2004. “Spontaneous Collapse Models on a
Lattice.” Journal of Statistical Physics 115(5/6): 1327-1339.

•

[Dowker and Herbauts 2004] Dowker, Fay, and Isabelle Herbauts: 2004. “Simulating Causal

•

Wavefunction Collapse Models.” Classical and Quantum Gravity 21(12): 2963-2979.
[Dürr, Goldstein and Zanghì 2011] Dürr, Detlef, Sheldon Goldstein, and Nino Zanghì: 2011. Quantum
Physics Without Quantum Philosophy. Springer.

•

[Dürr, Hinrichs and Kolb 2011] Dürr, Detlef, Günther Hinrichs, and Martin Kolb: 2011. “On a Stochastic
Trotter Formula with Application to Spontaneous Localization Models.” Journal of Statistical Physics 143:
1096-1119.

•

[Eibenberger et al. 2013] Eibenberger, Sandra, Stefan Gerlich, Markus Arndt, Marcel Mayor, and Jens
Tüxen: 2013. “Matter–Wave Interference of Particles Selected from a Molecular Library with Masses
Exceeding 10 000 Amu.” Physical Chemistry Chemical Physics 15(35): 14696-14700.

•

[Einstein, Podolsky, and Rosen 1935] Einstein, Albert, Boris Podolsky and Nathan Rosen: 1935. “Can
Quantum-mechanical Description of Physical Reality be Considered Complete?” Physical Review 47: 77780.

•

[Ellis, Hagelinm and Nanopoulos 1984]. Ellis John, John S. Hagelinm, Dimitri V. Nanopoulos, and Mark

•

[Ellis, Mohanty and Nanopoulos 1989] Ellis, John, Subhendra Mohanty, and Dimitri V. Nanopoulos: 1989.

A. Srednicki: 1984. “Search for Violations of Quantum Mechanics.” Nuclear Physics B 241 (2): 381-405.

•
•

•
•

“Quantum Gravity and the Collapse of the Wave Function.” Physics Letters B 221: 113-119.
[Everett 1957] Everett, Hugh III: 1957. “Relative State Formulation of Quantum Mechanics.” Reviews of
Modern Physics 29 (3): 454-462.
[Fein et al. 2019] Fein, Yaakov Y., Philipp Geyer, Patrick Zwick, Filip Kiałka, Sebastian Pedalino, Marcel
Mayor, Stefan Gerlich, and Markus Arndt: 2019. “Quantum Superposition of Molecules beyond 25 KDa.”
Nature Physics 15(12): 1242-1245.
[Feldmann and Tumulka 2012] Feldmann, William, and Roderich Tumulka: 2012. “Parameter Diagrams
of the GRW and CSL Theories of Wavefunction Collapse.” Journal of Physics A 45(6), 065304.
[Fonda, Ghirardi and Rimini 1978] Fonda, Luciano, GianCarlo Ghirardi, and Alberto Rimini: 1978.
“Decay Theory of Unstable Quantum Systems.” Reports on Progress in Physics 41(4): 587-631.

•

[Freedman and Clauser 1972] Freedman, Stuart J. and John F. Clauser: 1972. “Experimental test of local
hidden-variable theories.” Physical Review Letters 28 (938): 938-941.

•

[Frenkel 1990] Frenkel, Alexander: 1990. “Spontaneous Localizations of the Wave Function and Classical
Behavior.” Foundation of Physics 20: 159-188.

•

[Fu 1997] Fu, Qijia: 1997. “Spontaneous Radiation of Free Electrons in a Nonrelativistic Collapse Model.”
Physical Review A 56(3): 1806-1811.

•

[Gasbarri et al. 2017] Gasbarri, Giulio, Marko Toroš, Sandro Donadi, and Angelo Bassi: 2017. “Gravity
Induced Wave Function Collapse.” Physical Review D 96(10): 104013.

•

[Gatarek and Gisin 1991] Gatarek, Dariusz, and Nicolas Gisin: 1991. “Continuous Quantum Jumps and
Infinite‐dimensional Stochastic Equations.” Journal of Mathematical Physics 32 (8): 2152.

•

[Ghirardi 1999] Ghirardi, GianCarlo: 1999. “Some Lessons from Relativistic Reduction Models.” In: H. P.
Breuer and F. Petruccione (eds.), Open Systems and Measurement in Relativistic Quantum Theory: 117-152.
Berlin: Springer-Verlag.

•

[Ghirardi 2010] Ghirardi, GianCarlo: 2010. “Does Quantum Nonlocality Irremediably Conflict with
Special Relativity?” Foundations of Physics 40(9): 1379-1395.

22

•

[Ghirardi and Grassi 1991] Ghirardi, GianCarlo, and Renata Grassi: 1991. “Dynamical Reduction Models:
Some General Remarks.” In: D. Costantini et al. (eds), Nuovi Problemi della Logica e della Filosofia della
Scienza. Bologna: Editrice Clueb.

•

[Ghirardi et al. 1993] Ghirardi, GianCarlo, Renata Grassi, Jeremy Butterfield, and Gordon N. Fleming:
1993. “Parameter Dependence and Outcome Dependence in Dynamical Models for State Vector
Reduction.” Foundations of Physics 23(3): 341-364.

•

[Ghirardi, Benatti and Grassi 1995] Ghirardi, GianCarlo, Renata Grassi, and Fabio Benatti: 1995.
“Describing the Macroscopic World: Closing the Circle within the Dynamical Reduction Program.”
Foundation of Physics 25: 5-38.

•

[Ghirardi, Grassi and Rimini 1990] Ghirardi, GianCarlo, Renata Grassi, and Alberto Rimini: 1990.
“Continuous-spontaneous-reduction Model Involving Gravity.” Physical Review A 42: 1057

•

[Ghirardi, Pearle and Rimini 1990] Ghirardi, GianCarlo, Philip Pearle, and Alberto Rimini: 1990.
“Markov-processes in Hilbert-space and Continuous Spontaneous Localization of Systems of Identical

•

•
•

Particles.” Physical Review A 42: 78.
[Ghirardi, Rimini and Weber 1980] Ghirardi, GianCarlo, Alberto Rimini, and Tulio Weber: 1980. “A
General Argument against Superluminal Transmission through the Quantum Mechanical Measurement
Process.” Lettere al Nuovo Cimento 27(10): 293-298.
[Ghirardi, Rimini and Weber 1986] Ghirardi, GianCarlo, Alberto Rimini, and Tulio Weber: 1986. “Unified
Dynamics for Microscopic and Macroscopic Systems.” Physical Review 34D: 470.
[Ghirardi, Nicrosini, Rimini and Weber 1988] Ghirardi, GianCarlo, Oreste Nicrosini, Alberto Rimini, and
Tullio Weber: 1988. “Spontaneous Localization of a System of Identical Particles.” Il Nuovo Cimento B
102(4): 383-396.

•

[Gisin 1984] Gisin, Nicolas: 1984. “Quantum Measurements and Stochastic Processes.” Physical Review
Letters 52(19): 1657-1660.

•

[Goldstein et al. 2011] Goldstein, Sheldon, Travis Norsen, Daniel V. Tausk, and Nino Zanghì: 2011. “Bell’s
Theorem.” Scholarpedia 6 (10): 8378.

•

[Hackermueller et al. 2004] Hackermüller, Lucia, Klaus Hornberger, Björn Brezger, Anton Zeilinger, and
Markus Arndt: 2004. “Decoherence of Matter Waves by Thermal Emission of Radiation.” Nature
427(6976): 711-714.

•

[Halliwell and Zoupas 1995] Halliwell, Jonathan, and Andreas Zoupas: 1995. “Quantum State Diffusion,
Density Matrix Diagonalization, and Decoherent Histories: A Model.” Physical Review D 52: 7294.

•

[Helou et al. 2017] Helou, Bassam, B.J.J. Slagmolen, David E. McClelland, and Yanbei Chen: 2017. “LISA

•

[Jarrett 1984] Jarrett, Jon P.: 1984. “On the Physical Significance of the Locality Conditions in the Bell

Pathfinder Appreciably Constrains Collapse Models.” Physical Review D 95(8): 084054.
Arguments.” Noûs 18(4): 569-589.
•

[Joos and Zeh 1985] Joos, Erich, and Heinz-Dieter Zeh: 1985. “The Emergence of Classical Properties

•

[Károlyházy 1976] Károlyházy, Frigyes: 1976. “Gravitation and Quantum Mechanics of Macroscopic

Through Interaction with the Environment.” Zeitschrift für Physik B Condensed Matter 59: 223–243.
Object.” Nuovo Cimento A 42: 390-402.
•

[Károlyházy et al. 1986] Károlyházy, Frigyes, Alexander Frenkel, and B. Lukács: 1986. “On the Possible
Role of Gravity in the Reduction of the Wave Function.” In: R. Penrose and C.J. Isham (eds.), Quantum
Concepts in Space and Time: 109-128. Oxford: Claredon.

23

•

[Kent 1989] Kent, Adrian: 1989. “’Quantum Jumps’ and Indistinguishability.” Modern Physics Letters A
4(19), 1839-1845.

•

[Komori et al. 2020] Komori, Kentaro, Yutaro Enomoto, Ching Pin Ooi, Yuki Miyazaki, Nobuyuki
Matsumoto, Vivishek Sudhir, Yuta Michimura, and Masaki Ando: 2020. “Attonewton-Meter Torque
Sensing with a Macroscopic Optomechanical Torsion Pendulum.” Physical Review A 101(1): 011802.

•

[Laloë, Mullin and Pearle 2014] Laloë, Frank, William J. Mullin, and Philip Pearle: 2014. “Heating of
Trapped Ultracold Atoms by Collapse Dynamics.” Physical Review A 90: 052119.

•

[Leggett 2002] Leggett, Anthony J.: 2002. “Testing the Limits of Quantum Mechanics: Motivation, State of
Play, Prospects.” Journal of Physics: Condensed Matter 14: R415-R451.

•

[Ludwig 1967] Ludwig, Günther: 1967. “Attempt of an Axiomatic Foundation of Quantum Mechanics
and More General Theories, II.” Communications in Mathematical Physics 4: 331-348.

•

[Ludwig 1968] Ludwig, Günther: 1968. “Attempt of an Axiomatic Foundation of Quantum Mechanics
and More General Theories, III.” Communications in Mathematical Physics. 9: 1-12.

•

[Ludwig 1970] Ludwig, Günther: 1970. “Deutung des Begriffs "physikalische Theorie" und axiomatische
Grundlegung der Hilbertraumstruktur der Quantenmechanik durch Hauptsätze des Messens.” Lecture
Notes in Physics 4. Berlin: Springer.

•

[Marshall et al. 2003] Marshall, William, Christoph Simon, Roger Penrose, and Dik Bouwmeester: 2003.
“Towards Quantum Superpositions of a Mirror.” Physical Review Letters 91(13): 130401.

•

[Myrvold 2015] Myrvold, Wayne C.: 2015. “Lessons of Bell's Theorem: Nonlocality, Yes; Action at a
Distance, Not Necessarily.“ In: M. Bell and S. Gao (eds), Quantum Nonlocality and Reality: 50 Years of Bell's
Theorem: 238-260. Cambridge University Press.

•

[Myrvold, 2017] Myrvold, Wayne C.: 2017. “Relativistically Invariant Markovian Dynamical Collapse
Theories Must Employ Nonstandard Degrees of Freedom.” Physical Review A 96: 062116.

•

[Nicrosini and Rimini 2003] Nicrosini, Oreste, and Alberto Rimini: 2003. “Relativistic Spontaneous
Localization: A Proposal.” Foundations of Physics 33(7): 1061-1084.

•

[Nimmrichter et al. 2014] Nimmrichter, Stefan, Klaus Hornberger, and Klemens Hammerer: 2014.
“Optomechanical Sensing of Spontaneous Wave-Function Collapse.” Physical Review Letters 113(2): 020405

•

[Norsen 2009] Norsen, Travis. 2009. “Local Causality and Completeness: Bell vs. Jarrett.” Foundations of
Physics 39: 273-294.

•

[Norsen 2017] Norsen, Travis: 2017. Foundations of Quantum Mechanics: An Exploration of the Physical
Meaning of Quantum Theory. Springer.

•

[Pearle and Squires 1994] Pearle, Philip, and Euan Squires: 1994. “Bound State Excitation, Nucleon Decay
Experiments and Models of Wave Function Collapse.” Physical Review Letters 73: 1.

•

[Pearle 1976] Pearle, Philip: 1976. “Reduction of Statevector by a Nonlinear Schrödinger equation.”
Physical Review D 13: 857.

•

[Pearle 1979] Pearle, Philip: 1979. “Toward Explaining Why Events Occur.” International Journal of
Theoretical Physics 18: 489.

•

[Pearle 1989] Pearle, Philip: 1989. “Combining Stochastic Dynamical State-Vector Reduction with
Spontaneous Localization.” Physical Review A 39(5): 2277-2289.

•

[Pearle 1993] Pearle, Philip: 1993. “Ways to Describe Dynamical State-vector Reduction.“ Physical Review
A 48: 913.

•

[Pearle 1996] Pearle, Philip: 1996. In: R. K. Clifton (ed.), Perspectives on Quantum Reality: 93–109. Springer.

24

•

[Pearle 1999] Pearle, Philip: 1999. “Relativistic Collapse Model with Tachyonic Features.” Physical Review
A 59(1): 80-101.

•

[Pearle 2009] Pearle, Philip: 2009. “How Stands Collapse II.” In W. Myrvold, and J. Christian (eds.),
Quantum Reality, Relativistic Causality, and Closing the Epistemic Circle: 257-292. The Western Ontario Series
in Philosophy.

•

[Pearle 2012] Pearle, Philip: 2102. “Cosmogenesis and Collapse.” Foundations of Physics 42: 4-18.

•

[Penrose 1986] Penrose, Roger: 1986. “Gravity and State Vector Reduction.” In: R. Penrose and C.J. Isham
(eds.), Quantum Concepts in Space and Time: 129-146. Clarendon, Oxford.

•

[Penrose 1996] Penrose, Roger: 1996. “On Gravity’s Role in Quantum State Reduction.” General Relativity
and Gravitation 28: 581–600.

•

[Piscicchia et al. 2017] Piscicchia, Kristian, Angelo Bassi, Catalina Curceanu, Raffaele Grande, Sandro
Donadi, Beatrix Hiesmayr, and Andreas Pichler: 2017. “CSL Collapse Model Mapped with the
Spontaneous Radiation.” Entropy 19(7): 319.

•

[Polchinski 1991] Polchinski, Joseph: 1991. “Weinberg’s Nonlinear Quantum Mechanics and the EinsteinPodolsky-Rosen Paradox.” Physical Review Letters 66: 397.

•

[Pontin et al. 2020] Pontin, Antonio, Nathanael P. Bullier, Marko Toroš, and Peter F. Barker: 2020. “An
Ultra-narrow Line Width Levitated Nanooscillator for Testing Dissipative Wavefunction Collapse.”
Physical Review Research 2: 023349.

•

[Rae 1990] Rae, A. I. M.: 1990. “Can GRW Theory Be Tested by Experiments on SQUIDS?” Journal of

•

[Schrinski, Stickler, and Hornberger 2017] Schrinski, Björn, Benjamin A. Stickler, and Klaus Hornberger:

Physics A 23(2): L57-L60.
2017. “Collapse-Induced Orientational Localization of Rigid Rotors.” Journal of the Optical Society of
America B 34(6): C1-C7.
•
•
•

•

[Schrödinger 1928] Schrödinger, Erwin: 1928. Collected Papers on Wave Mechanics. Blackie and Son limited.
[Schrödinger 1935] Schrödinger, Erwin: 1935. “Die gegenwärtige Situation in der Quantenmechanik”.
Naturwissenschaften 23 (48-50): 807–812, 823–828, 844–849.
[Shimony 1984] Shimony, Abner: 1984. “Controllable and Uncontrollable Non-Locality.” In: S.
Kamefuchi et al. (eds.), Proceedings of the International Symposium: Foundations of Quantum Mechanics in the
Light of New Technology: 225-230. Tokyo: Physical Society of Japan.
[Suppes and Zanotti 1976] Suppes, Patrick, and Mario Zanotti: 1976. “On the Determinism of Hidden
Variable Theories with Strict Correlation and Conditional Statistical Independence of Observables.” In: P.
Suppes (ed.), Logic and Probability in Quantum Mechanics: 445-455. Synthese Library 78, Dordrecht:
Springer Netherlands.

•

[Toroš and Bassi 2018] Toroš, Marko, and Angelo Bassi: 2018. “Bounds on Quantum Collapse Models

•

[Tumulka 2006a] Tumulka, Roderich: 2006. “A Relativistic Version of the Ghirardi–Rimini–Weber

from Matter-Wave Interferometry: Calculational Details.” Journal of Physics A 51(11): 115302.
Model.” Journal of Statistical Physics 125(4): 821-840.
•

[Tumulka 2006b] Tumulka, Roderich: 2006. “On Spontaneous Wave Function Collapse and Quantum
Field Theory.” Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences 462 (2070):
1897-1908.

•

[Tumulka 2006c] Tumulka, Roderich: 2006. “Collapse and Relativity.” In A. Bassi, D. Dürr, T. Weber and
N. Zanghì (eds.), Quantum Mechanics: Are there Quantum Jumps? and On the Present Status of Quantum
Mechanics: 340–351. AIP Conference Proceedings 844, American Institute of Physics.

25

•

[Tumulka 2020] Tumulka, Roderich: 2020. “A Relativistic GRW Flash Process with Interaction.” In V.
Allori, A. Bassi, D. Dürr, and N. Zanghì (eds.), Do Wave Functions Jump? Perspectives on the Work of
GianCarlo Ghirardi: 321-347. Springer.

•

[van Fraassen 1982] van Fraassen, Bas C.: 1982. “The Charybdis of Realism: Epistemological Implications
of Bell’s Inequality.” Synthese 52(1): 25–38.

•

[Vinante et al. 2016] Vinante, Andrea, Majid Bahrami, Angelo Bassi, Oleksandr Usenko, Geert Wijts, and
Tjerk H. Oosterkamp: 2016. “Upper Bounds on Spontaneous Wave-Function Collapse Models Using
Millikelvin-Cooled Nanocantilevers.” Physical Review Letters 116(9): 090402-7.

•

[Vinante et al. 2017] Vinante, Andrea, Renato Mezzena, Paolo Falferi, Matteo Carlesso, and Angelo Bassi:
2017. “Improved Noninterferometric Test of Collapse Models Using Ultracold Cantilevers.” Physical
Review Letters 119(11): 110401.

•

[von Neumann 1932] von Neumann, John: 1932. Mathematische Grundlagen der Quantenmechanik. Springer.
Translated by R. T. Beyer as: Mathematical Foundations of Quantum Mechanics. Princeton: Princeton

•

University Press (1955).
[Wallace 2012] Wallace, David M.W: 2012. The Emergent Multiverse: Quantum Theory According to the
Everett Interpretation. Oxford University Press.

•

[Weinberg 1989a] Weinberg, Steven: 1989. “Precision Tests of Quantum Mechanics.” Physical Review
Letters 62: 485.

•

[Weinberg 1989b] Weinberg, Steven: 1989. “Testing Quantum Mechanics.” Annals of Physics 194: 336-386.

•

[Weinberg 1989c] Weinberg, Steven: 1989. “Particle States as Realizations (Linear or Nonlinear) of
Spacetime Symmetries.” Nuclear Physics B 6: 67-75.

•

[Zheng et al. 2020] Zheng, Di, Yingchun Leng, Xi Kong, Rui Li, Zizhe Wang, Xiaohui Luo, Jie Zhao,
Chang-Kui Duan, Pu Huang, Jiangfeng Du, Matteo Carlesso and Angelo Bassi: 2020. “Room Temperature
Test of the Continuous Spontaneous Localization Model Using a Levitated Micro-Oscillator.” Physical
Review Research 2(1): 013057.

26

