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Abstract

What is the ontology of a realist quantum theory such as Bohmian
mechanics? This has been an important but debated issue in the foun-
dations of quantum mechanics. In this paper, I present a new result
which may help examine the ontology of a realist physical theory and
make it more complete. It is that when different values of a physi-
cal quantity lead to different evolution of the assumed ontic state of
an isolated system in a theory, this physical quantity also represents
something in the ontology of the theory. Moreover, I use this result
to analyze the ontologies of several realist quantum theories. It is ar-
gued that in Bohmian mechanics and collapse theories such as GRWm
and GRWI, the wave function should be included in the ontology of
the theory. In addition, when admitting the reality of the wave func-
tion, mass, charge and spin should also be taken as the properties of a
quantum system.
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1 Introduction

It has been debated what the ontology of a realist quantum theory is.
Bohmian mechanics or the pilot-wave theory of de Broglie and Bohm is
a typical example (de Broglie, 1928; Bohm, 1952). According to some au-
thors, the universal wave function is not ontic, representing a concrete phys-
ical entity, but nomological, like a law of nature (Diirr et al, 1992; Allori et
al, 2008; Goldstein and Zanghi, 2013; Esfeld et al, 2014; Goldstein, 2021).
On this view, there are only particles in the ontology of Bohmian mechan-
ics. While according to others (Bohm and Hiley, 1993; Holland, 1993; Gao,
2017; Hubert and Romano, 2018; Valentini, 2020), the ontology of Bohmian
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mechanics includes both particles and the wave function. In this paper, 1
will present a new result which may help examine the ontology of a realist
physical theory and make it more complete. Moreover, I will use this result
to analyze the ontologies of several realist quantum theories. It will be ar-
gued that in Bohmian mechanics and collapse theories such as GRWm and
GRW T, the wave function should be included in the ontology of the theory.
In addition, when admitting the reality of the wave function, mass, charge
and spin should also be taken as the properties of a quantum system.

2 A new result

Suppose there are two free (uncorrelated) particles that have the same prop-
erties. Moreover, they have the same state of motion at a given instant, and
the law of motion is deterministic for them. The question is: will they have
the same state at later instants? If the laws of motion are the same for
the two particles, then they will have the same state at later instants. On
the other hand, if the laws of motion are different for the two particles, then
they may not have the same state at later instants. But this is an impossible
situation; since the two particles have exactly the same properties and they
cannot be distinguished, the laws of motion must be the same for the two
particles.

This impossibility can be used to derive a more rigorous result. Consider
a deterministic realist physical theory, which assumes that each isolated
system has an ontic state, and the law of motion that governs the time
evolution of the ontic state is deterministic. If different values of a physical
quantity lead to different evolution of the ontic state of an isolated system,
then this physical quantity should represent something in the ontology of
the theory, which is either a property of this system or a property of another
system. This result can be proved as follows. Suppose there is an isolated
system whose ontic state is A(0) at an initial instant. Moreover, the time
evolution of the ontic state is affected by a physical quantity A, and two
different values of A, such as a; and a9, lead to different evolution of the
ontic state, namely we have A(t,a1) # A(t, az) for some later instants t. Now
if the physical quantity A does not represent anything in the ontology of the
theory, then the two situations, in which the physical quantity A assumes
two different values, a; and ao, will be exactly the same in ontology for
the system at the initial instant; there is an initial ontic state A(0) in both
situations. Since the two situations (which are the same in ontology) cannot
be distinguished, the law of motion must be the same for the two situations.
Then we must have the relation \(¢,a1) = A(¢, az) for all later instants ¢ by
the deterministic law of motion. This is inconsistent with our presupposition
that A(t,a1) # A(t,az2) for some later instants ¢. Therefore, the physical
quantity A must represent something in the ontology of the theory, being



either a property of the studied system or a property of another different
System.

3 Bohmian mechanics

The above result can be used to analyze the ontology of a realist physical
theory and make the ontology more complete. Let’s first consider Bohmian
mechanics. In Bohmian mechanics, a complete realistic description of a
quantum system is provided by the configuration defined by the positions of
its particles together with its wave function. The law of motion is expressed
by two equations: a guiding equation for the configuration of particles and
the Schrodinger equation, describing the time evolution of the wave function
which enters the guiding equation. The law of motion can be formulated as
follows:
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where X (t) denotes the spatial configuration of particles, W(t) is the wave
function at time ¢, and v equals to the velocity of probability density in

standard quantum mechanics.

Suppose there are only particles in the ontology of Bohmian mechanics,
and these particles have only positions and velocities as their properties.
Consider a free particle such as a free electronﬂ Its ontic state at each
instant is represented by the position and velocity of its Bohmian particle
at the instant. By space translation invariance, the difference between two
ontic states of the particle lies only in the difference between the velocities
of its Bohmian particle. According to the guiding equation, the velocity of
the Bohmian particle at each instant ¢ is
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where S(z,t) is the phase of the wave function of the particle. Moreover,
the acceleration of the Bohmian particle is:
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where Q(z,t) = %VRZ:(%” is the so-called quantum potential, and R(z,t)

is the amplitude of the wave function of the particle. It can be seen that

!Since the following analysis concerns only one particle, it also applies to Albert’s
marvellous point ontology where there is only one particle.



different S(z,t) and different R(z,t) or different wave functions ¢ (x,t) =
R(x,t)e"@D/h will in general lead to different evolution of the velocity of
the Bohmian particle or different evolution of the ontic state of the free
particleﬂ Then according to the previous result, the wave function must
represent something in the ontology of Bohmian mechanicsﬂ Since the wave
function is nonlocal and the Bohmian particles are local, the wave function
will represent the properties of another physical entity, which is different
from the Bohmian particles.

Similarly, we can argue that mass should also be included in the ontology
of Bohmian mechanics. Different masses will lead to different evolution
of the ontic state of a free particle according to the guiding equation. In
addition, by considering the velocity of the Bohmian particle of a spin-s
particle with mass m and charge @@ and magnetic moment g in an external
electromagnetic field:
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where 1 (x,t) is the wave function of the particle, p is the momentum oper-
ator, A(z,t) is the magnetic vector potential, and S is the spin operator, we
can argue that charge and spin should be also included in the ontology of
Bohmian mechanics. It has been argued that mass, charge and spin are the
properties of the wave function, not the properties of the Bohmian particles
(Brown et al, 1995; Gao, 2017, ch.6).

()

2There may be a deeper reason of why the evolution of the velocity of a Bohmian
particle is affected by its wave function. If this were not true, the theory would disagree
with quantum mechanics. For example, consider a particle being in the ground state in
a box. The Bohmian particle is at rest in one position in the box. When the walls of
the box move, the wave function of the particle will change. In this case, if the velocity
of the Bohmian particle does not change with the wave function or the Bohmian particle
is still at rest in its original position, then the results of position measurements on this
particle for the two wave functions (before and after the walls moving) will have the same
probability distribution, since the ontic states of the particle in these two situations are
the same. But this obviously violates the Born rule.

3This analysis is independent of whether the universal wave function is a product state
or an entangled state. If the universal wave function is a product state, then there will be
truly isolated systems in the universe. While if the universal wave function is an entangled
state, then there are only effective isolated systems whose wave functions are effective wave
functions in Bohmian mechanics. In this case, the Bohmian particles of an isolated system
are not influenced by the Bohmian particles in the environment either (Gao, 2017, ch.3),
and thus the above analysis is still valid.



4 Stochastic Bohmian mechanics

There are also stochastic variants of Bohmian mechanics such as the Bohm-
Bell-Vink dynamics (Bell, 1984; Vink, 1993; Barrett, 1999, p.203). Can a
stochstic law of motion avoid the above result? Let’s have a look at Vink’s
discrete dynamics for the position of a one-particle system. The continuity
equation in the discrete position representation |x,,) is:

hOP,(t)/0t = Jum(t), (6)

where
Pou(t) = [(zn [0 (1)) (7)
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where [(t)) is the wave function of the system, and H is the Hamiltonian
of the system.

In Vink’s dynamics, the position jumps of the Bohmian particle of the
system are governed by a transition probability T},,dt which gives the prob-
ability to go from position z,, to z,,. The transition matrix 7T gives rise to
a time-dependent probability distribution x,, (for an ensemble of identically
prepared systems), P,(t), which has to satisfy the master equation:

OP(t)/0t = > (Tom P — Trnn Pn). (9)

m

Then when the transition matrix 7" satisfies the following equation:
m

the above continuity equation can be satisfied.
Vink (1993) showed that when choosing Bell’s simple solution where for

n # Y
T = / (11)
0, Jnm <0,

the dynamics reduces to the guiding equation of Bohmian mechanics in the
continuum limit.

In this case, when two Bohmian particles with different wave functions
have the same initial position, they may generally have different positions
at a later instant. But this difference may not result from the difference of
the wave functions, but be merely a result of different random jumps, and

4The probability Ty, dt follows from the normalization relation Zm Trmdt = 1.



thus it cannot be used to derive the reality of the wave function as in the
deterministic case. On the other hand, in this stochastic theory, we also need
to consider the transition probability of a Bohmian particle at each instant,
which gives the probability for the Bohmian particle to go from its position
at the instant to another position, and it should be taken as one part of
the ontic state of the Bohmian particle. Then, since the law of motion for
the transition probability is deterministic and different wave functions will
lead to different evolution of the transition probability, the wave function
must also represent something in the ontology of the theory according to
the previous result.

5 Collapse theories and many worlds

Let’s now consider collapse theories. In the GRWm theory, the ontology is
assumed to be a mass density field m(x,t) in three-dimensional space, and
in the GRWT theory, the ontology is assumed to be flashes or space-time
points that correspond to the localization events (i.e. collapses of the wave
function) in three-dimensional space (Allori et al, 2008). In both theories,
different wave functions will lead to different evolution of the ontic state
(the mass density field or the flashes), and thus the wave function must be
included in the ontology of these theories according to the previous result.
Note that although the law of motion in a collapse theory is not deterministic
but stochastic, when the stochastic effects are small compared with the
influences of the wave function (e.g. for microscopic systems), the previous
result is still valid.

Finally, consider the many-worlds interpretation of quantum mechanics
(MWTI). In MWI, the wave function is clearly included in the ontology of the
theory. Here the previous result further requires that mass, charge and spin
should be also included in the ontology of the theory, since different values
of these quantities will lead to different evolution of the wave function. This
is also true for wave function realism (Albert, 1996, 2013). It remains to
be seen how mass and charge can be put in the ontology for wave function
realism and space-time state realism (Wallace and Timpson, 2010).

6 Further discussion

There have been worries about the reality of the wave function, since it
is defined in a high-dimensional space, not in our three-dimensional space.
This is also a main reason of why some Bohmians remove the wave function
from the ontology of Bohmian mechanics (see, e.g. Esfeld et al, 2014). How-
ever, the wave function does not necessarily represent a physical entity in a
high-dimensional space, and there are also ontological interpretations of the
wave function in three-dimensional space such as the multi-field interpreta-



tion (Hubert and Romano, 2018) and the RDM of particles interpretation
(Gao, 2017, 2020). Thus, there are other possible pictures of quantum re-
ality in three-dimensional space besides the pictures of Bohmian particles,
mass density fields and flashes.

Compared with the multi-field interpretation, the RDM of particles inter-
pretation can accommodate mass and charge in the ontology more directly.
According to this interpretation, a quantum system is composed of particles
with mass and charge which undergo random discontinuous motion (RDM)
in three-dimensional space, and the wave function represents the propensi-
ties of these particles which determine their random discontinuous motion,
and as a result, the state of motion of these particles is also described by
the wave functionﬁ At each instant all particles have a definite position,
while during an infinitesimal time interval around each instant they move
throughout the whole space where the wave function is nonzero in a ran-
dom and discontinuous way, and the probability density that they appear in
every possible group of positions in space is given by the modulus squared
of the wave function there. Visually speaking, the RDM of each particle
will form a mass and charge cloud in space (during an infinitesimal time
interval around each instant), and the RDM of many particles being in an
entangled state will form many entangled mass and charge clouds in space.
It has been suggested that one can solve the measurement problem based on
this interpretation of the wave function in two ways: one is to resort to the
dynamical collapse of the wave function (Gao, 2017, ch.8), and the other is
to formulate it as a theory of many worlds (Gao, 2022).

7 Conclusion

It has been debated what the ontology of a realist quantum theory is, e.g.
whether the ontology of Bohmian mechanics should include the wave func-
tion. In this paper, I present a new result which may help examine the
ontology of a realist physical theory and make it more complete. It is that
when different values of a physical quantity lead to different evolution of the
assumed ontic state of an isolated system in a theory, this physical quantity
also represents something in the ontology of the theory. Moreover, I use
this result to analyze the ontologies of several realist quantum theories. It
is argued that in Bohmian mechanics, as well as in collapse theories such as
GRWm and GRWH, the wave function should be included in the ontology of
the theory. In addition, when admitting the reality of the wave function as
in these theories and the many-worlds interpretation of quantum mechanics,

®Note that there is also a picture of random discontinuous motion of particles in Bell’s
Everett (7) theory (Bell, 1981). In that theory, however, the wave function is regarded
as a real physical field in configuration space, and the random discontinuous motion of
particles is not aimed to provide an ontological interpretation of the wave function.



mass, charge and spin should also be taken as the properties of a quantum
System.
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