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Abstract

The use of Bohmian mechanics as a practical tool for modeling non-relativistic quantum
phenomena of matter provides clear evidence of its success, not only as a way to interpret
the foundations of quantum mechanics, but also as a computational framework. In the
literature, it is frequently argued that such a realistic view—based on deterministic tra-
jectories—cannot account for phenomena involving the “creation” and “annihilation” of
photons. In this paper, by revisiting and rehabilitating earlier proposals, we show how
quantum optics can be modeled using Bohmian trajectories for electrons in physical space,
together with well-defined electromagnetic fields evolving in time. By paying special atten-
tion to an experimental scenario demonstrating partition noise for photons, and to how
the Born rule emerges in this context, the paper pursues two main goals. First, it validates
the use of this simple Bohmian framework for pedagogical and computational purposes
in understanding and visualizing quantum electrodynamics phenomena. Second, given
that measurements are ultimately indicated on matter pointers, it clarifies what it means
to measure photon or electromagnetic-field properties, even when they are considered
non-ontic elements.

Keywords: Bohmian mechanics; quantum optics; Bohmian trajectories; Born rule;
action-at-a-distance electrodynamics; quantum foundations

1. Introduction
Quantum mechanics occupies a rather peculiar position in the history of science. On

the one hand, many researchers focus on applying the formal rules of quantum theory
to obtain quantitative predictions, while others are concerned with understanding what,
if anything, the theory says about the underlying nature of physical reality. Several interpre-
tations of quantum theory address this foundational question, among them are Bohmian
mechanics [1–7], the many-worlds interpretation [8], GRW [9] and others.

In this context, Bohmian mechanics plays a distinctive role. Unlike most interpreta-
tions, which are mainly only invoked in foundational contexts, Bohmian mechanics has
been widely applied to the modeling of non-relativistic phenomena involving quantum
matter. Its ability to reproduce standard quantum predictions in this regime while offer-
ing an intuitive trajectory-based description has made it particularly attractive for both
numerical simulations and conceptual analyses [10–18].

Nevertheless, it is often argued that such a realist Bohmian view, grounded in de-
terministic particle trajectories, is fundamentally incompatible with processes involving
the creation and annihilation of particles. This objection is frequently regarded as one of
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the main conceptual limitations of the traditional formulation of Bohmian mechanics [19].
Several extensions of the Bohmian theory have been proposed in the literature to over-
come this supposed limitation while preserving the core idea of the theory: namely, that
there is always something in the world possessing well-defined properties (the so-called
beable [19]), even in the absence of measurement. Quite different Bohmian-like theories are
developed by considering different elements as beables.

One possibility is to treat both fermions and bosons as beables in the form of point
particles, whose trajectories may undergo stochastic creation and annihilation events. This
idea was first suggested by Bell [19] and later developed in detail in the Bohmian quantum
field theory models of Dürr and collaborators [20,21]. An alternative approach assigns
beable status not to point particles but to fields. In this case, the fundamental beables are
field configurations evolving deterministically in time. Variants of this idea can already
be found in earlier work by Bohm for the electromagnetic field [22]. For its more general
application to either bosonic or fermionic fields, see the review in [23].

Another possibility is to use a mixture of the previous beable assignments: employ-
ing beable-fields for bosons while preserving the original Bohmian beable-particles for
fermions. The mathematical machinery for treating fields as beables can be greatly sim-
plified by using a mode decomposition, where the degrees of freedom needed to define
the fields reduce to the coefficients representing the weight of each mode. In this paper,
by revisiting older Bohmian proposals of this last type [3,6,24,25], we show that cavity
quantum electrodynamics can be fully understood using traditional Bohmian trajectories
for fermions, together with well-defined mode-decomposition coefficients for electromag-
netic fields. The practical solution just requires the traditional Bohmian trajectories guided
by wave-function solutions of the unitary Schrödinger equation.

The apparent conflict between employing well-defined trajectories, the solution of
the unitary Schrödinger equation at all times for electrons and electromagnetic fields,
and describing photon creation and annihilation is largely a semantic problem rooted in
the historical interpretation of photons. Once a photon is categorized as a particle, it is
implicitly granted some type of ontic status1. Consequently, when a photon is absorbed,
one is led to say that the photon, understood as a particle, has disappeared. However,
the process of photon creation and annihilation can be reinterpreted more naturally by
avoiding the term particle and defining the photon instead as a quantized amount of energy
of the electromagnetic field. From this perspective, increases or decreases in the field’s
energy are straightforwardly described within a wave-function solution of the ordinary
Schrödinger dynamics.

Using this mixed ontology, the present work studies scenarios where the measure-
ment apparatuses are included as part of the dynamical system. By introducing pointer
degrees of freedom, the effective configuration space of the system is enlarged. This
allows the different branches of the wave function to become dynamically separated,
leading to an effective collapse of the wave function in the Bohmian sense. Within this
framework, we show, through concrete numerical examples, how phenomena typically in-
terpreted in terms of particle-like photons can be understood entirely in terms of fermionic
trajectories interacting with quantized electromagnetic fields. In particular, we analyze
photon partition noise between two spatially separated detectors, where an incoming
photon is registered by one detector or the other, but not both—a phenomenon often
invoked as evidence of wave–particle (‘Jekyll-and-Hyde’ [27]) photon duality. However,
we show that the observed discreteness in the experimental results can be explained by
the particle-like nature of the material detectors rather than by a particle ontology of the
electromagnetic field2.
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From these results, where the measuring pointers are made of matter, it seems that
the measurement of photons, or even electromagnetic fields, in Bohmian mechanics can
be explained by considering only matter as beable elements. Therefore, the possibility of
an ontology for quantum electrodynamics, different from the previously mentioned ones,
appears viable. The present paper provides arguments in favor of this ontology in which
fermions are beable point particles described by trajectories, while electromagnetic fields
are emergent properties arising from other non-simulated ontic fermions that generate such
fields. This idea has been already anticipated by some authors. For example, an approach
where the “Dirac sea is taken seriously”, in terms of assigning ontological status only
to fermions, was proposed by Colin and Struyve [29] in which all fermionic degrees of
freedom have well-defined trajectories. See similar proposals in Refs. [30,31]. A significant
inspiration for all these “fermions-only” ontology comes from earlier attempts to formulate
classical electrodynamics without fields, relying solely on retarded action-at-a-distance
interactions between point-particles [32–36].

An important clarification is that the present work is restricted to a non-relativistic
description. Although Maxwell’s equations are fundamentally relativistic, cavity quantum
electrodynamic experiments are routinely and successfully described using non-relativistic
kinetic energy for matter. A fully relativistic formulation of the present model would
require substantial additional theoretical development and lies beyond the scope of
this work3.

The structure of the paper is as follows. After this introduction, we discuss the
historical meaning of electromagnetic fields in Section 1.1 and photons in Section 1.2.
Then, we discuss how photon and light properties can be experimentally measured within
Bohmian mechanics in Section 1.3. In Section 2 we develop the classical light–matter
Hamiltonian, mentioning the mode decomposition in Section 2.4. Next, in Section 3,
the canonical quantization of both the matter degree of freedom in Section 3.1 and field
degrees of freedom in Section 3.2 are discussed, leading to the Schrödinger equation for
the full light–matter system in Section 3.3. A Bohmian reformulation of the theory is
subsequently introduced in Section 4. In Section 5 we present a discussion of the Born rule
and how the standard statistical predictions are recovered. Numerical simulations of two
electrons interacting with quantized light, with and without the measuring apparatuses,
are presented in Section 6 to discuss the detection of non-ontic photons, and the paper
concludes with a summary in Section 7. Several appendices discuss technical details.

1.1. What Are Electromagnetic Fields?

In elementary physics courses, when dealing with two charged particles, we can define
the electric field as the force generated by the first particle at the location of the second
particle when the latter is replaced by a unit positive test charge. The usefulness of the
concept of the electric field is that we do not need to explicitly acknowledge the presence
of the first particle to describe the dynamics of the second particle. Considering only the
second particle and the electric field is sufficient to describe its dynamics.

This definition allows us to regard the electromagnetic field as a convenient effective
(emergent) tool for describing forces among charged particles when not all particles are
explicitly included in the discussion. In this view, the field is not something ontic (that
physically exists in reality), but an emergent one4. However, the electromagnetic field can
also be understood as a physically real entity that exists in space independently of charged
particles. In this latter view, one assumes that the electromagnetic field is something
physical, that is, something ontic.

The earliest descriptions of electrodynamics were formulated according to the first
non-ontic viewpoint: the electromagnetic field was something emergent from the particles.
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Coulomb [39] described electrostatic interactions through direct forces among charges,
and Ampère extended this view to moving charges and electric currents [40]. Weber
later proposed a unified action-at-a-distance theory of electricity and magnetism [41]. It
is interesting to emphasize that, in this view, the electric field “seen” by one particle is
different from the electric field “seen” by another particle. Therefore, there is no single,
universal electric field, but rather a set of effective electric fields, each one associated with
each particle, which determines how a given particle moves under the influence of all
the others.

Faraday was perhaps the first to attribute a kind of physical reality (rather than
merely mathematical significance) to electromagnetic fields when he introduced the idea
of continuous “lines of force” [42]. Maxwell later formalized this vision, defining fields as
local physical quantities whose variations propagate as electromagnetic waves [43]. Notice
that Maxwell’s equations are written for a single electromagnetic field. Thus, one can speak
of the ontic electromagnetic field. Since Maxwell’s equations predicted the propagation
of electromagnetic disturbances at the finite speed of light, the instantaneous action-at-a-
distance picture of Weber and others was gradually abandoned, and the ontic conception
of the electromagnetic field became the standard framework of classical electrodynamics.

The first quantum formulation of electrodynamics, developed by Dirac, was based
on Maxwell’s ontological view of a single electromagnetic field [44] where the degrees of
freedom that define the electromagnetic fields (written in terms of canonical variables) were
quantized. As a result, electromagnetic energy—like the energy of quantum matter—was
found to be quantized.

Interestingly, formulations of electrodynamics without ontic electromagnetic fields
were never completely abandoned. In a classical framework, Schwarzschild [32],
Tetrode [33], and Fokker [34] addressed the problems of Weber’s instantaneous action-at-
a-distance picture and developed relativistically consistent retarded action-at-a-distance
theories without postulating an ontic electromagnetic field. The main practical advan-
tage of these approaches is the absence of the problems related to self-interaction and the
associated infinities [30].

Later, Wheeler and Feynman proposed a formulation of classical electrodynamics in
which charged particles interact directly through advanced and retarded interactions [35,36].
Feynman’s later path-integral formulation of quantum electrodynamics was partly inspired
by this line of thought [45]. More recently, Lienert [37] proposed a quantum version of
this idea, in which particles interact directly along light cones at the quantum level, using
multi-time wave functions to maintain relativistic consistency.

1.2. What Are Photons?

We have seen that, independently of whether light is assigned an ontic or merely
a mathematical status, the electromagnetic field(s) alters the dynamics of particles by
transferring energy and momentum among them in discrete (quantized) amounts.

The idea that the energy of light comes in discrete packets was introduced by Planck
in 1900 in his study of blackbody radiation [46]. In 1905, Einstein proposed that light itself
consists of individual energy quanta in order to explain the photoelectric effect [47]. It was
therefore natural to interpret the electromagnetic field as being composed of a type of light
particle that exchanges energy and momentum with matter particles. These light particles
were later named photons by Lewis [48]. These early models treated photons as discrete
ontic particles with fixed energy and momentum and were able to explain, for example,
the photoelectric effect5.

Historically, a complete and accurate description of photons emerged through the
quantum field theory, specifically the quantum electrodynamics [49–53]. In this framework,
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the electromagnetic field undergoes a quantization procedure, analogous to the one applied
to electrons. A quantum electron can be understood as a superposition of classical positions,
each with a certain probability. Similarly, a quantum electromagnetic field can be viewed as
a superposition of classical electromagnetic fields, each weighted by a probability amplitude.
In the traditional language of the quantum field theory, the photon is neither a wave nor
a particle with well-defined positions, but an excitation of the quantum electromagnetic
field6. Mathematically, such an excitation is created when a creation operator acts on a
quantum state of the field. We then say that a photon has been created. Because photon
creation and annihilation can occur in various individual scenarios, and the principle
of quantum superposition still holds, a quantum field state is generally a superposition
of states with different numbers of photons. This means that the number of particles is
not fixed. Consequently, the standard Schrödinger equation, which ensures conservation
of probability for a fixed number of particles, cannot be directly applied. To handle
processes involving variable particle numbers, a new structure called Fock space is required.
Fock space allows one to describe quantum states with different numbers of particles
simultaneously (see Appendix A).

However, this quantum-field-theoretic machinery of creating and annihilating photons
can also be understood as a “way of talking” if the photon is interpreted not as a particle
created or destroyed, but merely as a quantized amount of energy created or destroyed.
In that case, “creating a photon” can be translated as “increasing the energy of the electro-
magnetic field by a quantized amount.” There is then no need to invoke a new ontic entity
to describe an increment in the energy of the electromagnetic field. This will be the view
followed in this paper. We can still refer to this increment of energy as photon, but there is
nothing ontic in this new definition. In this new “way of talking,” neither matter nor light
appears or disappears; rather, they only exchange energy between them. We will see that
the (unitary) Schrödinger equation remains a valid equation of motion to describe the joint
evolution of light and matter and how they exchange energy in the quantum regime.

1.3. Measuring Photon and Light Properties

The assumption defended in this paper—that photons are not ontic particles—raises
what might appear to be a paradoxical question: how can a measurement detect a photon
at a given position if photons themselves are not ontic elements? The answer is that not
everything that is measured must correspond to an ontic element. What is ontic is defined
by the theory, not by what can be measured in an experiment.

For example, one can measure the temperature, but in Bohmian and orthodox quantum
mechanics there is no ontic element called temperature; it is an emergent property arising
from the dynamics of many particles. Similarly, measuring the spin and getting a number
does not imply that the spin is an ontic property. For example, before the measurement,
the spin can be in a superposition of spin up and spin down without a well-defined up
or down value. Another example is the Bohmian velocity, which can be measured in
the laboratory through weak values [54,55]. In the orthodox theory, such an empirical
number represents only a statistical value, without any ontic status. In Bohmian mechanics,
however, despite the number being obtained after statistical post-selection, it corresponds
directly to the ontic velocity of the particles.

Consequently, there is not a conceptual problem in defending that measured proper-
ties usually attributed to photons—such as energy, momentum, or polarization—do not
correspond to intrinsic attributes of ontic photons. A photo detector click corresponds to
a change in the configuration of material particles (typically electrons) whose motion is
influenced by the electromagnetic fields. In fact, one can also assume that this electromag-
netic field is an emergent property created by some emitter electrons. Thus, if we want, we
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can argue that what the photo detector is measuring is a correlation between emitter and
detector matter ontic particles7.

In fact, the (orthodox) quantum field theory still has the problem of the measuring
collapse inherited by ordinary quantum mechanics [57,58]. The measurement collapse
problem is the tension between the linear, deterministic, and unitary evolution of the
quantum (or quantum field) state and the postulated non-linear, stochastic “collapse” to
a single outcome during measurement, which has no clear physical explanation within
neither the (orthodox) quantum theory nor (orthodox) quantum field theory. This problem
simply disappears in our Bohmian explanation, as will be seen in Section 5.

As discussed previously, we defend that photons can be interpreted as mere quantized
amounts of energy rather than as genuine ontic particles. The crucial point is that all
measurements in the laboratory ultimately reduce to measurements of the positions of
material particles. In particular, we show that the photon partition noise is not a manifesta-
tion of its particle nature, but it can be understood perfectly well as just an artifact of the
detection process with matter pointers described by ontic particles. This ability of Bohmian
mechanics to explain all types of measurements with matter pointers suggests a compelling
strategy for maintaining only an ontology for matter.

2. Classical Light–Matter Hamiltonian
First of all we clarify whether the meaning of degrees of freedom and the meaning of

an ontic property are the same or not. A degree of freedom is a mathematical element used
to describe a particular state of a system. By contrast, an ontic property is an element that
the theory identifies as corresponding to something physically real. In classical mechanics,
for example, the position of a particle is an ontic property and, at the same time, it can serve
as a degree of freedom. However, in certain problems, we may describe a system of two
particles, with two ontic positions, using the center of mass of the two positions as a new
degree of freedom; in this case, the center of mass becomes a useful mathematical degree of
freedom, but it is not itself a primitive ontic property. As we have discussed in Section 1.1,
several attempts [30,32–36] have attributed to the classical electromagnetic field a similar
role: it can be assumed as a degree of freedom encapsulating the role of non-simulated
ontic particles that generate such electromagnetic field.

2.1. Matter

Let us start by considering a system of N matter particles (typically electrons) with
masses me and charges e. The degrees of freedom of the system are the particle positions ri,
with i = 1, . . . ,N in three-dimensional physical space and their corresponding (canonical)
momenta being pi = me ṙi(t) with ṙi(t) as the velocity of the electron. Together, these
variables define the 6N -dimensional phase space of the system, which will be used to
construct the Hamiltonian8.

The charge density ρ(r, t) and current density J(r, t) describe the distribution and
motion of electric charge at the position r of the physical space9. At time t, due to the
presence of a collection of charged particles at positions ri(t):

ρ(r, t) =
N
∑
i=1

e δ(r − ri(t)), (1)

J(r, t) =
N
∑
i=1

e ṙi(t) δ(r − ri(t)). (2)
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The charge (1) and current densities (2) satisfy the continuity equation

∂ρ(r, t)
∂t

+∇ · J(r, t) = 0, (3)

which expresses the local charge conservation of matter.

2.2. Electromagnetic Field(s)

We will indistinctly use the name “light” or the name “electromagnetic fields” to define
two vector fields, the electric E(r, t) and the magnetic B(r, t) fields, in three-dimensional
physical space r and time t. These (gauge-invariant) electromagnetic fields can be expressed
in terms of the (gauge-dependent) scalar potential A0(r, t) and vector potential A(r, t) as

E(r, t) = −∇A0(r, t)− ∂A(r, t)
∂t

, (4)

and
B(r, t) = ∇× A(r, t). (5)

From these definitions, two of Maxwell’s equations are automatically satisfied. First, since
the divergence of a curl vanishes, we get ∇ · B(r, t) = ∇ · (∇× A) = 0 which expresses
the absence of magnetic monopoles. Second,

∇× E(r, t) = −∇×∇A0 −
∂

∂t
(∇× A) = −∂B(r, t)

∂t
, (6)

which is Faraday’s law of induction. The remaining two Maxwell equations relate the
electromagnetic fields to the charge (1) and current densities (2), as

∇ · E(r, t) =
ρ(r, t)

ε0
, (7)

which is known as Gauss’s law, and

∇× B(r, t) = µ0J(r, t) + µ0ε0
∂E(r, t)

∂t
, (8)

which is known as the Ampère (or Ampère–Maxwell) law. At this point it seems that the
electromagnetic fields are something real (ontic), at least, as real as the particles. For sure,
as discussed in Section 1.1 this is one possibility widely extended in the treatment of
classical electrodynamics. However, as discussed also in the Sections 1.1 and 1.2, this is not
the only possibility.

In the Lorenz gauge, the electromagnetic potentials can be shown to be solution of
an inhomogeneous wave equation that only depends on the charge and current densities
defined in (1) and (2). Under the assumption that no electromagnetic radiation is incoming
from infinity, the solutions of these equations are the retarded potentials [59]:

A0(r, t) =
1

4πε0

∫
ρ(r′, tr)

|r − r′| d3r′ =
N
∑
i=1

1
4πε0

∫ e δ(r′ − ri(tr))

|r − r′| d3r′

=
N
∑
i=1

e
4πε0

1
|r − ri(tr,i)|

. (9)
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and

A(r, t) =
µ0

4π

∫ J(r′, tr)

|r − r′| d3r′ =
N
∑
i=1

µ0

4π

∫ e ṙi(tr) δ(r′ − ri(tr))

|r − r′| d3r′

=
N
∑
i=1

µ0

4π
e

ṙi(tr,i)

|r − ri(tr,i)|
. (10)

where the retarded time10 is defined as tr = t − |r−r′ |
c and tr,i = t − |r−ri(tr)|

c . These
expressions for the retarded potentials show explicitly that the electromagnetic potentials
(and therefore the fields) at r are completely determined by the charge and current densities
defined in (1) and (2), from the set of particles i = 1, . . . ,N , as anticipated a long time ago
by Schwarzschild [32], Tetrode [33], and Fokker [34].

Therefore, for an additional particle identified with the label N + 1 and located at
r = rN+1, the electromagnetic fields E(rN+1, t) and B(rN+1, t) can thus be regarded as
emergent quantities, arising from the positions and velocities of the set of other particles
i = 1, . . . ,N , through (9) and (10). The final equation of motion of the r = rN+1 electron is
the well-known Lorentz force:

me r̈N+1(t) = qe[E(rN+1(t), t) + ṙN+1(t)× B(rN+1(t), t)]. (11)

Notice that the dynamics of the particle labeled as r = rN+1 depends only on the ontic
positions of the other N particles through (9) and (10).

There is nothing special about the particle labeled N + 1. By the same reasoning, we
would need another set of electromagnetic retarded potentials to compute the dynamics
of particle i = 1. Such potentials are obtained from (9) and (10) but using the charge and
current densities defined in (1) and (2), summing over the particles i = 2, 3, . . . ,N + 1,
which amounts to excluding the interaction of particle 1 with itself, corresponding to
self-interaction. The same reasoning applies to particles 2, 3, and so on. Thus, one needs as
many electromagnetic fields (or potentials) as particles [30,32–36]. This is the price to pay if
one wants to treat matter as an ontic element while regarding the classical electromagnetic
fields or potentials as convenient emergent entities.

In the rest of this section (Section 2), we develop only the Hamiltonian for the electron
at r = rN+1 interacting with the electromagnetic fields discussed above. This one-electron
Hamiltonian admits two possible interpretations.

The first interpretation is that the whole system contains N + 1 ontic electrons, where
the interaction of the N other ontic electrons with the electron labeled by r = rN+1 is
encapsulated in the electromagnetic fields, which emerge as non-ontic degrees of freedom
and are computed from Equations (9) and (10). A complete treatment within this interpre-
tation would therefore require N additional Hamiltonians, one for each of the remaining
electrons. This first interpretation is not further developed in this paper.

A much simpler second interpretation is to adopt the mixed ontology introduced
in the Introduction, where the system consists of a single ontic electron and an ontic
electromagnetic field. This approach allows us to reuse the standard quantum optics
machinery to canonically quantize the classical Hamiltonian in Section 3. The numerical
results presented in Section 6 are based on this mixed ontology. Therefore, strictly speaking,
the results in this paper, Section 6, only demonstrate that quantum cavity electrodynamics
can be fully understood without ontic photons, but they do not establish that the same
phenomena can be explained without ontic electromagnetic fields.
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2.3. Minimal Coupling Hamiltonian

The total Hamiltonian for one electron interacting with the electromagnetic field (ontic
or created by the rest of the electrons not explicitly simulated) reads as

H =
1

2me
(p − eA(r, t))2 + eA0(r, t) + Hfield, (12)

where the electromagnetic field energy is

Hfield =
ε0

2

∫
d3r
[
E2
⊥(r, t) + c2B2(r, t)

]
. (13)

It is interesting to discuss here the argument presented in most textbooks on quantum
optics [49,60,61] on why only the energy of the transversal component is considered.
The electric field is split into longitudinal and transverse components: E(r, t) = EL(r, t) +
E⊥(r, t). Gauss’s law (7) only involves the longitudinal component because ∇ · E⊥(r, t) = 0
by construction. Thus, since the charge density in (1) is determined by the particle positions
ri, the longitudinal electric field is not an independent dynamical degree of freedom.
In the Coulomb gauge, the electromagnetic (Coulomb) energy of the longitudinal field is
encapsulated in the scalar potential A0(r, t), which depends on all matter positions. This
is exactly the argument we have invoked when writing (9). Although we do not develop
this further in this paper, we suggest that the same argument applied to A0(r, t) can also be
applied to A(r, t) through (10).

2.4. Mode Decomposition

By using (6) and (8), the transverse part contains the dynamical, propagating degrees
of freedom of the field, satisfying

∇2E⊥(r, t)− 1
c2

∂2E⊥(r, t)
∂t2 = µ0

∂J⊥(r, t)
∂t

. (14)

and putting E⊥(r, t) = − ∂A(r,t)
∂t into (14), we finally get

∇2A(r, t)− 1
c2

∂2A(r, t)
∂t2 = − µ0J⊥(r, t). (15)

To perform a mode decomposition, we expand the transverse vector potential in terms
of a complete set of orthonormal functions Uλ(r) ∈ R3 that depend only on the po-
sition,

∫ ∞
∞ dr U′

λ(r)Uλ(r) = δλ,λ′ . Then, by defining a time-dependent amplitude as
sλ(t) =

∫ ∞
∞ dr A(r, t)Uλ(r) we get

A(r, t) =
M
∑

λ=1
sλ(t)Uλ(r), (16)

We consider only a finite number M of modes11. This mode decomposition in (16) di-
vides (15) into a temporal and a spatial equations. For practical reasons that will be evident
later, it is convenient to use the following Helmholtz equation12 as the spatial equation:

∇2Uλ(r) + k2
λUλ(r) = 0. (17)
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In the Coulomb gauge, we also have ∇ · Uλ(r) = 0. Substituting the expansion (16)
into (15) and using the orthonormality of the mode functions yields a set of driven harmonic
oscillator equations for the mode amplitudes:

s̈λ(t) + ω2
λsλ(t) = fλ(t), (18)

with fλ(t) = c2µ0
∫

d3r Uλ(r) · J⊥(r, t), where we have defined ωλ = ckλ. From (16),
the transverse electric field can be written as

E⊥(r, t) = −∂A(r, t)
∂t

= −
M
∑

λ=1
ṡλ(t)Uλ(r). (19)

Equivalently, the magnetic field can then be written in terms of the mode functions as

B(r, t) = ∇× A(r, t) =
M
∑

λ=1
sλ(t)∇× Uλ(r). (20)

We have been able to describe the electromagnetic fields as a function of a set of
parameters sλ(t) plus functions Uλ(r). Indeed, the parameters sλ(t) are the new degrees
of freedom that describe the electromagnetic fields. In other words, sλ(t) can take any
value depending on the scenario, while the functions Uλ(r) are, by construction, fixed by
the geometry in (17) and cannot vary in a given experiment13. Let’s write the Hamiltonian
with this new degree of freedom.

2.4.1. Electromagnetic Energy

Finally, the energy of the electromagnetic field in (13) written as the sum of the electrical
and magnetic field energies, Hfield, is given by

Hfield =
ε0

2

∫
d3r
[
E2
⊥(r, t) + c2B2(r, t)

]
=

ε0

2

M
∑

λ=1

(
|ṡλ(t)|2 + ω2

λ|sλ(t)|2
)

. (21)

where we used the orthonormality of the mode functions14 and
∫

d3r (∇× Uλ) · (∇×
U∗

λ‘) = k2
λδλ,λ′ for normalized transverse modes15, with ωλ = ckλ. Finally, introducing

canonical variables with proper normalization:

bλ ≡
√

ε0
√

ωλ sλ qλ ≡
√

ε0√
ωλ

ṡλ, (22)

the total energy of the electromagnetic field Hfield can be expressed as

Hfield =
M
∑

λ=1

ωλ

2

(
q2

λ + b2
λ

)
, (23)

which has the standard form of M independent harmonic oscillators.

2.4.2. Light–Matter Interaction

Expanding the kinetic term in the total Hamiltonian (12), we get

1
2me

(p − eA(r, t))2 =

(
p2

2me
− e

me
A(r, t) · p +

e2

2me
A2(r, t)

)
(24)
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The term − e
me

A(r, t) · p is the so-called linear light–matter interaction or the p · A term.

The term e2

2me
A2(r, t) is the diamagnetic term or quadratic interaction. Using the mode

decomposition in (16), the total Hamiltonian in (12) reads as

H =
1

2me
p2 + eA0(r, t) +

M
∑

λ=1

ωλ

2

(
q2

λ + b2
λ

)
+ Hint (25)

with the light–matter interaction given by

Hint = − e
me

M
∑

λ=1

1√
ε0
√

ωλ
bλUλ(r) · p +

e2

2me

M,M
∑

λ=1,λ′=1

1√
ωλ

√
ωλ′ ε0

bλbλ′Uλ(r) · Uλ′(r). (26)

3. Canonical Quantization
In most textbooks [49,60,61], the standard procedure to move from a classical to a

quantum description of a Hamiltonian system is the canonical quantization implemented
through the Dirac prescription: the canonical variables a and b are promoted to quantum
operators â and b̂ satisfying commutation relations determined by their classical Poisson
brackets16 and the quantum commutators17. In particular, the Dirac prescription establishes
the correspondence

[â, b̂] = ih̄{a, b}. (27)

Other observables A(a, b) and B(a, b) are then represented by operators constructed from
the canonical operators A(â, b̂) and B(â, b̂). This recipe to quantize a system is not free
from ambiguities18.

3.1. Quantization of Matter

Canonical quantization of matter promotes the classical variables r = (x, y, z) and
p = (px, py, pz) to operators acting on a Hilbert space. For example, x → x̂ and px →
p̂x so that the Poisson brackets are replaced by commutators according to Dirac’s rule
[x̂, p̂x] = ih̄{x, px} = ih̄. In the coordinate (position) representation19, we get

x̂ → x, p̂ → −ih̄
d

dx
(28)

For a one-electron system r in a rectangular well whose infinite barriers are defined (by the
other i = 1, . . . ,N electrons not explicitly simulated) through the term V(r) = eA0(r, t),
we get

(
1

2me
p2 + V(r, t)

)
→
(
− h̄2

2me
∇2 + V(r, t)

)
= Hwell (29)

with ∇ = (∂x, ∂y, ∂z). We define the eigenstates of such a single-particle Hamiltonian in the
Hilbert space involving only one matter degree of freedom r as

Hwellϕn(r) = En,eϕn(r) (30)

where ϕn(r) is the energy eigenstate and En,e the energy eigenvalue. The subscript e is to
remember that it is an energy from matter (typically electrons). In principle, there are an
infinite number of eigenstates, but we will consider a finite number n = 1, . . . , N.

3.2. Quantization of the Electromagnetic Field

Canonical quantization of the electromagnetic field follows a procedure analogous to
the quantization of matter, but now the dynamical variables are field amplitudes instead of
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particle coordinates. Canonical quantization promotes the classical variables to operators
acting on a Hilbert space bλ → b̂λ and qλ → q̂λ, and the Poisson brackets are replaced by
commutators according to Dirac’s rule, [q̂λ, b̂λ′ ] = ih̄δλ,λ′ . In the coordinate representation
of the field, we define these operators as

b̂λ ≡ −i
√

h̄
∂

∂qλ
, q̂λ ≡

√
h̄qλ. (31)

The quantum Hamiltonian of the electromagnetic field thus becomes

M
∑

λ=1

ωλ

2

(
q2

λ + b2
λ

)
=

M
∑

λ=1

h̄ωλ

2

(
− ∂2

∂q2
λ

+ q2
λ

)
=

M
∑

λ=1
Hfield,λ. (32)

Each mode λ is therefore equivalent to a quantum harmonic oscillator. The eigenvalue
equation is

Hfield,λ ψm,λ(qλ) = Em,λ,p ψm,λ(qλ) = h̄ωλ

(
m +

1
2

)
ψm,λ(qλ) (33)

where ψm,λ(qλ) is the m-eigenstate corresponding to the mode λ whose eigenenergy is
Em,λ,p. The index m = 0, 1, 2, . . . indicates which energy eigenstate we are referring to, but
it is also called the “photon occupation number”. We are using the subindex p to emphasize
that we are dealing with energy linked to photons.

3.3. The Schrödinger Equation

The translation of classical coordinates into quantum operators for matter, in
Section 2.1, and for light, in Section 2.2, maps the classical phase space with coordinates
r, p, bλ, and qλ, for λ = 1, . . . ,M onto a quantum configuration space20 described by the
coordinates r and qλ for λ = 1, . . . ,M. The quantumness of the light and matter degrees of
freedom is then encoded in the wave function Ψ ≡ Ψ(r, q1, . . . , qM, t), which is a solution
of the following Schrödinger equation generated by the total Hamiltonian H in (12):

ih̄
∂Ψ
∂t

=

(
− h̄2

2me
∇2 + eA0(r, t)

)
Ψ +

M
∑

λ=1

h̄ωλ

2

(
− ∂2

∂q2
λ

+ q2
λ

)
Ψ

+
e

me

M
∑

λ=1

h̄
√

h̄√
ε0
√

ωλ

∂

∂qλ
Uλ(r) · ∇Ψ

− e2

2me

M,M
∑

λ=1,λ′=1

h̄
ε0
√

ωλ
√

ωλ′

∂

∂qλ

∂

∂qλ′
Uλ(r) · Uλ′(r)Ψ (34)

It is very instructive to use the matter eigenstates ϕn(r) in (30), corresponding in our case to
a single electron, and the light eigenstates ψm(qj) in (33), for each of the j = 1, . . . ,M
electromagnetic modes, to rewrite the wave function. Let us assume that, for each
j-electromagnetic mode, the light eigenstates are truncated to mj = 1, . . . , M:

Ψ(r, q1, . . . , qM, t) =
N,M,...,M

∑
n,m1,...,mM

cn,m1,...,mM(t)ϕn(r)
M
∏
j=1

ψmj(qj) (35)

where we have defined

cn,m1,...,mM(t) =
∫

dr
∫

dq1....
∫

dqMϕ∗
n(r)

M
∏
j=1

ψ∗
mj
(qj)Ψ(r, q1, . . . , qM, t) (36)
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whose square value |cn,m1,...,mM(t)|2 can be understood as the probability that the light
matter system is described by an electron in the eigenstate ϕn(r) with energy En,e and the
electromagnetic fields with the modes ∏M

j=1 ψmj(qj) with energy ∑M
j=1 Emj ,j,p.

Putting (35) into (34) and using (30) and (33), and the orthogonality of the different
matter and light eigenstates, we get an equation of motion for the components cn,m1,...,mM(t)
in (36) given by

ih̄
∂

∂t
cn,m1,...,mM(t) = (En,e +

M
∑
j=1

Emj ,j,p)cn,m1,...,mM(t)

+
N,M,...,M

∑
n′ ,m′

1,...,m′
M

cn′ ,m′
1,...,m′

M
(t)βn,m1,...,mM;n′ ,m′

1,...,m′
M

+
N,M,...,M

∑
n′ ,m′

1,...,m′
M

cn′ ,m′
1,...,m′

M
(t)γn,m1,...,mM;n′ ,m′

1,...,m′
M

(37)

with βn,m1,...,mM;n′ ,m′
1,...,m′

M
given by

βn,m1,...,mM;n′ ,m′
1,...,m′

M
=

e
me

M
∑

λ=1

h̄
√

h̄√
ε0
√

ωλ

∫
drϕ∗

n(r)Uλ(r) · ∇ϕn(r)

∫
dq1....

∫
dqM

M
∏
j=1

ψ∗
mj
(qj)

∂

∂qλ

M
∏
j′=1

ψm′
j
(qj′)

and with γn,m1,...,mM;n′ ,m′
1,...,m′

M
given by

γn,m1,...,mM;n′ ,m′
1,...,m′

M
= − e2

2me

M,M
∑

λ=1,λ′=1

h̄
ε0
√

ωλ
√

ωλ′

∫
drϕ∗

n(r)Uλ(r) · Aλ′(r)ϕn(r)

∫
dq1....

∫
dqM

M
∏
j=1

ψ∗
mj
(qj)

∂

∂qλ

∂

∂qλ′

M
∏
j′=1

ψm′
j
(qj′)

In fact, the final expression in (37) can be understood as a matrix equation without any ex-
plicit reference to the configuration-space degrees of freedom r, q1, . . . , qM. See Appendix A
for a discussion of the quantum light without coordinates. Following the notation men-
tioned in Appendix A, we can proceed analogously to rewrite the quantum state in (35) as

|Ψ(t)⟩ =
N,M,...,M

∑
n,m1,...,mM

cn,m1,...,mM(t)
(
|n⟩e ⊗ |m1⟩λ1,p ⊗ · · · ⊗ |mM⟩λM,p

)
. (38)

We have used the bra-ket notation given by ψmj(qj) ≡ ⟨qj|mj⟩λj ,p. In doing so, we lose the
ability to visualize the underlying quantum phenomena and, more importantly, we remove
the possibility of assigning a clear ontological meaning to the computations.

In next Section 4, we will discuss how the consideration of the degrees of freedom
r, q1, . . . , qM allows us to provide an ontology for the above formalism. In Sections 5 and 6,
we will show how this ontology leads to a rather straightforward understanding of what it
means to measure photon or electromagnetic properties without invoking words such as
collapse (with the deep fundamental meaning that the orthodox quantum theory gives to it,
pretending to model the whole process of measurement with just a word).
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4. Bohmianization
At this point we already have an ordinary wave function Ψ(r, q1, . . . , qM, t) solution

of the ordinary Schrödinger equation, Equation (34), that can be used to compute all
expectation values relevant to cavity quantum electrodynamics phenomena. Why, then, do
we need anything more? The reason is that we are interested in providing an ontology for
matter (and light), so that we can meaningfully specify what physically exists and what
our theory is about. One may argue that the wave function itself already constitutes the
ontology. However, this move does not necessarily improve our sense of ontological clarity.
The wave function lives in a high-dimensional configuration space [62], which makes
it difficult to interpret as a concrete physical entity in ordinary three-dimensional space.
Moreover, additional interpretive postulates—such as spontaneous collapse mechanisms,
measurement induced collapse or branching structures—are still required to account for the
appearance of definite measurement outcomes. We will see in Section 6 that the Bohmian
ontology will provide an straightforward and unambiguous explanation of what it means
detecting a photon and its properties.

The quantum dynamics determined by the Schrödinger equation, Equation (34), in
the coordinate space {r, q1, . . . , qM} can be described in terms of quantum trajectories in
the same coordinate space. The trajectory r(t) represents the position of the electron as a
function of time. The trajectory qλ(t) represents the value of the coordinate associated with
the electromagnetic mode λ at time t. By translating bλ(t) into sλ(t) through (22) and (31),
one can recover the quantum electric field as a superposition of well-defined classical field
modes Uλ(r) with well-defined time-dependent amplitudes.

To determine such trajectories, one must identify a continuity equation within the
Schrödinger equation, Equation (34). For this purpose, it is convenient to rewrite the wave
function in polar form:

Ψ(r, q1, . . . , qM, t) = R(r, q1, . . . , qM, t) exp
(

i
S(r, q1, . . . , qM, t)

h̄

)
(39)

where the modulus R ≡ R(r, q1, . . . , qM, t) and the phase S ≡ S(r, q1, . . . , qM, t) are real
(meaning not complex) functions. Substituting (39) into (34), a straightforward calculation
yields the following continuity equation:21

∂R2

∂t
+∇ ·

(
R2
(
∇S − eA

me

))
+

M
∑

λ=1

∂

∂qλ

(
R2 ωλ

h̄
∂S
∂qλ

)
= 0 (40)

Equation (40) allows us to define the probability density

ρ ≡ R2 = |Ψ(r, q1, . . . , qM, t)|2 (41)

and a quantum current density for the electron, Je, related to the electron velocity as

ve =
Je

ρ
=

∇S − eA
me

(42)

as well as a quantum current density for the electromagnetic mode coordinates, Jλ, related
to their velocities by

vλ =
Jλ

ρ
=

ωλ

h̄
∂S
∂qλ

(43)
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Finally, the continuity equation, Equation (40), can be rewritten as follows22.

∂ρ

∂t
+∇ · (ρ ve) +

M
∑

λ=1

∂

∂qλ
(ρ vλ) = 0 (44)

The above equation is a differential form of the |Ψ|-equivariance of the trajectories: if the ini-
tial t = 0 distribution of trajectories satisfies |Ψ(r, q1, . . . , qM, 0)|2, then under the velocity
fields defined in (42) and (43), the previous set of trajectories satisfies |Ψ(r, q1, . . . , qM, t)|2
for all times. In other words, the probability density transported by the trajectory dynam-
ics evolves consistently with the Schrödinger evolution of the wave function, ensuring
preservation of the Born rule.

Disregarding a bit the mathematical rigor23, the |Ψ|-equivariance implicit in (44) can
be rewritten as

|Ψ(r, q1, . . . , qM, t)|2 =
1

Nexp

Nexp

∑
η=1

δ(r − r(η)(t))δ(q1 − q(η)1 (t)) · · · δ(qM − q(η)M (t)), (45)

where r(η)(t) is one particular position of the matter particle and, similarly, q(η)1 (t), . . . , q(η)M (t)
is one particular set of coefficients that define the electromagnetic field through the ex-
pression (16). From (45), it is evident that a quantum electron can be interpreted as a
superposition of electrons with well-defined positions and, likewise, a quantum field can
be interpreted as a superposition of well-defined electromagnetic fields. The parameter
Nexp is the number of experiments done in a laboratory for a quantum system prepared
with the initial wave function Ψ(r, q1, . . . , qM, 0). Strictly speaking, we need Nexp → ∞ to
satisfy the identity in Equation (45) between trajectories and probability presence.

5. Born Rule and Statistical Predictions
The expression of equivariance in (45) is the fundamental ingredient ensuring that

the empirical results obtained by considering only the wave function Ψ(r, q1, . . . , qM, t)
and those obtained by considering (the wave function together with) a set of Bohmian
trajectories r(η)(t), q(η)1 (t), . . . , q(η)M (t) with η = 1, . . . , Nexp are fully equivalent.

A central advantage of the Bohmian account of quantum electrodynamics (and quan-
tum mechanics in general) is that it provides a natural explanation of the measurement
process without invoking the word collapse, with the deep fundamental meaning that the
orthodox quantum theory gives to such word. In orthodox quantum theory, collapse is in-
troduced as an additional postulate to brake the quantum superposition in order to recover
the Born rule. By contrast, within Bohmian mechanics, the Born rule is not an independent
axiom: it follows from equivariance together with the quantum equilibrium hypothesis.

The first step of the measurement formalism (channelization) is an explicit realization
of the von Neumann measurement model. A quantum system is coupled to a pointer in
such a way that information about an observable is transferred to the pointer degree of
freedom y through a unitary interaction.

We write the initial state in (38) at t = 0 as

|Ψ(0)⟩ = ∑
s

cs(0)|s⟩, (46)

where s is a unique index that identifies (n, m1, . . . , mM) and |s⟩ = |n⟩e ⊗ |m1⟩λ1,p ⊗ · · · ⊗
|mM⟩λM,p in the previous notation. The measurement interaction is modeled by a von
Neumann-type Hamiltonian

Ĥint = µ Ŝ ⊗ P̂y, (47)
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where Ŝ|s⟩ = s|s⟩, P̂y is the momentum operator of the pointer y, and µ is the coupling
constant. After a short interaction time ∆t, the evolution operator is

Û = exp
(
− i

h̄
µ∆t Ŝ ⊗ P̂y

)
. (48)

Defining |φ⟩ as the state of the pointer, the operator Û acts on the product state
|Φ(0)⟩ = |Ψ(0)⟩ ⊗ |φ(0)⟩ as

|Φ(t)⟩ = ∑
s

cs(t)|s⟩ ⊗ exp
(
− i

h̄
µ∆t s P̂y

)
|φ(0)⟩. (49)

Since P̂y generates spatial translations on the coordinate y, we obtain

|Φ(t)⟩ = ∑
s

cs(t)|s⟩ ⊗ |φs(t)⟩, (50)

with |φs(t)⟩ a shifted pointer (ket) state. In the position representation, we get

⟨y|φs(t)⟩ = φ(y − ys, t). (51)

where we have defined ys = µ∆t s. In coordinate representation, with ξ denoting collectively
the system coordinates ⟨ξ| ≡ ⟨r| ⊗ ⟨q1| ⊗ ...⊗ ⟨qM|, the total wave function reads as

Φ(ξ, y, t) = ∑
s

cs(t)Ψs(ξ) φ(y − ys, t), (52)

where Ψs(ξ) = ⟨ξ|s⟩. If one ignores the Bohmian configuration (i.e., the well defined
trajectories), the superposition in (52) must be broken by postulating collapse. Assuming
the pointer packets have disjoint supports Ys, the process of collapse selects one branch s0

(How? “shut up and calculate”), yielding

Φ(ξ, y, t) ≈ cs0(t)Ψs0(ξ)φ(y − ys0 , t). (53)

The probability of outcome s0 is then

P(s0, t) =
∫

Ys0

dy
∫

dξ |Φ(ξ, y, t)|2 = |cs0(t)|2, (54)

which is the Born rule. However, because of the superposition principle, the unitary evolu-
tions of the Schrödinger equation cannot transform (52) into a single branch in (53); collapse
must therefore be added as an extra postulate in the orthodox explanation of measurement.

In Bohmian mechanics, the trajectories ξ(t), y(t) evolve under the guidance equation
generated by Φ(ξ, y, t). Once the wave packets in (52) become disjoint24, the actual pointer
position y(t) lies in one and only one region Ys0 . The measurement outcome is simply the
value indicated by this configuration.

The other branches do not influence the actual configuration25. In this sense, wave
function collapse emerges effectively at the level of the conditional wave function of the
subsystem [63],

Ψη(ξ, t) = Φ(ξ, yη(t), t), (55)

without modifying the Schrödinger dynamics. We have used the superscript η to remind
that many trajectories yη(t) are possible, as in (45), each one corresponding to a different ex-
periment η = 1, . . . , Nexp. Each experiment giving different outcomes of the measurement.
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Since the Bohmian trajectories are fully determined by the wave function, and the
wave function itself is fully determined by the Schrödinger equation, one may wonder
why the experimental results remain unpredictable in the laboratory. The reason is that the
preparation of an experiment is itself another physical experiment, and one cannot prepare
initial conditions with a precision better26 than the quantum equilibrium distribution
|Φ(ξ, y, 0)|2, see ref. [64]. Thus, Bohmian trajectories are deterministic at the ontological
level, yet unpredictable at the empirical level.

If we repeat the same experiment Nexp times with the same preparation of the initial
wave function Φ(ξ, y, 0), this implies a random set of initial trajectories ξ(η)(0), y(η)(0)
selected according to the distribution |Φ(ξ, y, 0)|2, with η = 1, . . . , Nexp. We may then ask
what is the frequentist probability of measuring the value s0. The answer is

P(s0, t) =
Ns0

Nexp
=

1
Nexp

Nexp

∑
η=1

∫
Ys0

dy δ(y − y(η)(t))

=
1

Nexp

Nexp

∑
η=1

∫
Ys0

dy δ(y − y(η)(t))
∫ ∞

−∞
dξ δ(ξ − ξ(η)(t))

=
∫

Ys0

dy
∫ ∞

−∞
dξ |Φ(ξ, y, t)|2 = |cs0(t)|2, (56)

where we have use the identity
∫ ∞
−∞ dξ δ(ξ − ξ(η)(t)) = 1 and the equivariance relation

from (45), including the pointer degree of freedom, written here as

|Φ(ξ, y, t)|2 =
1

Nexp

Nexp

∑
η=1

δ(ξ − ξ(η)(t))δ(y − y(η)(t)), (57)

Of course, by construction, (54) and (56) are identical. Thus, in Bohmian mechanics,
the Born rule is not a separate dynamical axiom but a consequence of unitary Schrödinger
evolution, the guidance equation, and the equivariance of the |Φ|2 distribution (under the
assumption of the quantum equilibrium hypothesis [64]).

6. Photon Partition Noise
The formalism introduced in the previous sections is applied here to show how

photon partition noise arises without the need to assume an ontic nature for photons. First,
a model of two spatially separated electrons interacting with light, but without measuring
apparatus, is presented to gain insight into the dynamics of light–matter interaction in
general, and Rabi oscillations in particular. Then, a model incorporating two measuring
apparatuses, each coupled to one electron, is discussed. This model shows how photon
detection occurs either in one detector or in the other, but not in both. In our formalism,
the “detected” partition noise of the photons is, in fact, an artifact of the particle nature of
the matter particles in the detectors. Consequently, there is no need to attribute any ontic
character to photons.

6.1. Simulation of a Non-Measured Light–Matter System

We consider a quantum–optical setup depicted in Figure 1a, consisting of an optical
cavity of length Lc (related to a cavity fundamental angular frequency ωc) containing two
spatially separated quantum wells, each hosting a single electron. We consider only one
electromagnetic mode of the cavity, whose fundamental frequency is tuned to resonate
with the transition of the two-level electronic systems in the quantum wells27.
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Optical cavity (ωc)

QW1 QW2

t1 − Initial state t2 − Rabi exchange

(a)

(b)
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|0⟩x

|1⟩p
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ℏωc=157 meV
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3
2

ℏωc=52.5 meV1
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|1⟩x
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2

2
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1 |1⟩x⊗|0⟩x⊗|0⟩p  +  |0⟩x⊗|1⟩x⊗|0⟩p  1 2 1 2

Lc

Lx1
Lx2

Figure 1. (a) Sketch of the simulated system. An optical cavity containing a single electromagnetic
mode of frequency ωc, with two quantum wells located inside the cavity. (b) Two-level energy
diagram of the different components of the system at two instants of the Rabi oscillations. The
initial state at time t1, |001⟩, corresponds to the electromagnetic field in the excited state while both
electrons are in their ground states. At time t2, the excitation is coherently transferred to the electronic
subsystem, producing the superposition 1√

2
(|100⟩+ |010⟩). The excitation is subsequently exchanged

periodically between the photonic and electronic degrees of freedom through Rabi oscillations.

6.1.1. Model Without Measuring Apparatus

The one-mode electromagnetic field inside the cavity is quantized, and we consider
the two lowest energy levels of the electromagnetic mode. Identically, the electrons in the
quantum wells are quantized and we consider the two lowest energy levels for the electrons.
Due to the resonant coupling, energy is transferred from the electromagnetic field to the
electronic subsystem and vice versa through Rabi oscillations (Figure 1b). To simplify the
notation, sometimes we are using the ket notation; for example, |001⟩ = |0⟩x1

⊗ |0⟩x2
⊗ |1⟩q

to refer to the wave function ϕ0(x1)ϕ0(x2)ψ1(q). The Schrödinger equation describing
the interaction among one electron and a single electromagnetic field was derived in
Section 3.3. Some simplifications are needed to arrive at a computationally feasible scenario.
First, we assume that the two electrons are sufficiently far apart so that their Coulomb
interaction can be neglected. Therefore, the scalar potential can be assumed to include
only the contributions from the two quantum wells due to other, non-simulated particles
A0(r1, r2, t) = V(r1) + V(r2). A typical additional approximation in these scenarios is the
so-called long-wavelength approximation, based on the assumption that the cavity length
satisfies Lc ≫ Lx1 , Lx2 , where Lx1 and Lx2 denote the spatial extensions of the electronic
quantum wells. Under this condition, the electromagnetic field varies negligibly over
the electronic region and the spatial dependence of the vector potential can be neglected.
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For simplicity, we also assume that each electron is described by only one degree of freedom,
x1 for the first electron and x2 for the second. Under these simplifications one arrives at

ih̄
∂Ψ
∂t

=

(
− h̄2

2me

∂2

∂x2
1
+ V(x1)−

h̄2

2me

∂2

∂x2
2
+ V(x2)

)
Ψ +

h̄ωc

2

(
− ∂2

∂q2 + q2
)

Ψ

+
e

me

h̄
√

h̄U0√
ε0
√

ωc

∂

∂q
∂

∂x1
Ψ +

e
me

h̄
√

h̄U0√
ε0
√

ωc

∂

∂q
∂

∂x2
Ψ − e2

2me

h̄
ε0ωc

∂2

∂q2 U2
0 Ψ, (58)

where U0 is the spatial part of the potential vector, which has been assumed to be uniform
in the spatial regions where electrons moves due to the long-wavelength approximation.
One final step is to perform a gauge transformation to write the Hamiltonian in dipolar
form (see Appendix B for a full derivation).

After all these steps, one arrives at the following simplified Schrödinger equation
dealing with the configuration variables ξ = (x1, x2, q), representing two electrons and one
electromagnetic mode:

ih̄
∂Ψ
∂t

=

(
− h̄2

2me

∂2

∂x2
1
+ V(x1)

)
Ψ +

(
− h̄2

2me

∂2

∂x2
2
+ V(x2)

)
Ψ

+
h̄ωc

2

(
− ∂2

∂q2 + q2
)

Ψ + αq(x1 + x2)Ψ, (59)

where we have defined the total wave function as Ψ ≡ Ψ(x1, x2, q, t) and the parameter
that controls the coupling between the light and the matter as α = e

√
h̄ωcU0√

ε0
. To solve the

Schrödinger equation, Equation (59), we expand the total wave function in a truncated
product basis,

Ψ(x1, x2, q, t) =
1

∑
n=0

1

∑
m=0

1

∑
k=0

cnmk(t)ϕn(x1)ϕm(x2)ψk(q), (60)

where ϕ0(x1) and ϕ1(x1) are the first two eigenstates for the electron x1 in the quantum well
defined from (30). Equivalently, we define ϕ0(x2) and ϕ1(x2) for the second electron x2 in
the other quantum well. Finally, the cavity mode is described by the first two eigenfunctions
ψ0(q) and ψ1(q) of the harmonic oscillator defined in (33).

Substituting the expansion (60) into (59) and projecting onto the basis states, in agree-
ment with the development in Section 3.3, yields the coupled equations of motion for the
coefficients cnmk(t):

ih̄
d
dt

cnmk(t) = Enmk cnmk(t) +
1

∑
n′=0

1

∑
k′=0

βx1
nk,n′k′ cn′mk′(t) +

1

∑
m′=0

1

∑
k′=0

βx2
mk,m′k′ cnm′k′(t), (61)

where the energy Enmk = En,e + Em,e + Ek,p is defined. We also introduce the matrix element

βx1
nk,n′k′ = α

∫
ϕ∗

n(x1) x1 ϕn′(x1) dx1

∫
ψ∗

k (q) q ψk′(q) dq (62)

whose value is zero whenever n = n′, since
∫

ϕ∗
n(x1) x1 ϕn(x1) dx1 = 0, or when k = k′,

since
∫

ψ∗
k (q) q ψk(q) dq = 0. Similarly, for the matrix element

βx2
mk,m′k′ = α

∫
ϕ∗

m(x2) x2 ϕm′(x2) dx2

∫
ψ∗

k (q) q ψk′(q) dq, (63)

a zero value is obtained when m = m′, since
∫

ϕ∗
m(x2)x2ϕm(x2) dx2 = 0, or when k = k,

since
∫

ψ∗
k (q) q ψk(q) dq = 0.
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This structure of the interaction terms in (61) implies that the Hamiltonian only
connects basis states ϕn(x1)ϕm(x2)ψk(q) with ϕn′(x1)ϕm′(x2)ψk′(q) when two subscripts
change (from 0 → 1 or 1 → 0). Therefore, starting from a state with an even number of
excitations (1s subscripts), the dynamics will always remain within the sub-space with an
even number of excitations (even number of 1s in the three subscripts). The same holds for
states with an odd number of excitations. Consequently, the total Hilbert space splits as a
direct sum H = Heven ⊕Hodd with

Heven = span{|000⟩, |110⟩, |101⟩, |011⟩}, (64)

and
Hodd = span{|100⟩, |010⟩, |001⟩, |111⟩}. (65)

We remind the use of the ket notation here where, for example, |001⟩ = |0⟩x1
⊗ |0⟩x2

⊗ |1⟩q
refers to the wave function ϕ0(x1)ϕ0(x2)ψ1(q).

6.1.2. Numerical Results Without Measuring Apparatus

In our simulation we consider a cavity length equal to Lc = 5908.4 nm, corresponding
to a cavity angular frequency ωc = 159.4 THz. The electronic level spacing of each quantum
well is chosen to satisfy the resonance condition E1,e − E0,e = h̄ωc = 0.105 eV. It is well-
known that without such resonant conditions light and matter do not interact [60]. This
resonant condition fixes the length of the quantum well to Lx1 = Lx2 = 16 nm when using
an effective electron mass me = 0.042m0, where m0 the free electron mass28. The light–
matter coupling constant is set to α = 6.24 × 10−3 eV/nm. For N = 2 symmetrically
coupled electrons, the Rabi frequency is given by ΩR =

√
N α

h̄ βnk,n′k′ = 54.6 THz. This
implies a Rabi period of TR ∼ 115 fs.

Figure 2 shows the numerical solution of (61) over four Rabi periods TR. The energy
of the system is initially assigned to the photon excited state |001⟩, with both electrons
in the ground state, by fixing |c001(0)|2 = 1 and setting all other coefficients to zero (see
Figure 1b, left). The initial state |001⟩ belongs to Hodd. Therefore, the unitary dynamics
discussed in (64) guarantee that the state remains in Hodd for all times, and no amplitude
is ever transferred to Heven. For this reason, the numerical results will only show states
restricted to Hodd.

From a naive picture, one could argue that initial energy stored in the cavity mode
E1,p in |001⟩ is transferred to the energy E1,e of the first electron in |100⟩. Notice that
E1,p − E0,p = h̄ωc = E1,e − E0,e. Due to the symmetry of the Hamiltonian with respect to
electrons 1 and 2, it is also possible that the initial energy stored in the cavity mode in |001⟩
is transferred to the energy E1,e of the second electron in |010⟩. In fact, as shown in Figure 2
and schematically depicted in Figure 1b (right), after half a Rabi period the system evolves
into the symmetric superposition 1√

2
(|100⟩+ |010⟩), indicating that the initial (expectation

value) of the energy of the electromagnetic field (what we call the photon h̄ωc) is divided
into two and shared between both electrons, i.e., ⟨Hx1(TR/2)⟩ = ⟨Hx2(TR/2)⟩ = 0.087 eV
when |c100(TR/2)|2 = |c010(TR/2)|2 = 0.5. Of course, this scenario also ensures conser-
vation of (the expectation) value of the energy29, as depicted in Figure 2. Unitarity is
preserved throughout the evolution, as shown by the conservation of the total probability.

What may seem puzzling (or at least in disagreement with photon partition noise
experiments) is that the initial energy of the photon h̄ωc = 0.105 eV is distributed between
the energy of electron 1 at positions x1 given by ⟨Hx1(TR/2)⟩ = 0.035 + 0.105/2 = 0.087 eV,
and the energy of electron 2 at position x2 given by ⟨Hx2(TR/2)⟩ = 0.035+ 0.105/2 = 0.087 eV.
But is not h̄ωc = 0.105 eV a quantized amount of energy that must be detected as a whole?
Another way of asking this question is the following. Why do we not observe in Figure 2
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a process in which the energy of the electromagnetic field is transferred only to the first
electron without breaking the quantum of energy h̄ωc = 0.105 eV (i.e., the photon)? In
terms of wave functions, this non-breaking-photon evolution would correspond to

ϕ0(x1)ϕ0(x2)ψ1(q) → ϕ1(x1)ϕ0(x2)ψ0(q)

|001⟩ → |100⟩ (66)

where the energy of the electron 1 at the position x1 (when the other electron remains with
its initial ground state energy) would be given by ⟨Hx1(TR/2)⟩ = 0.035+ 0.105 = 0.140 eV. Of
course, another way of transferring energy between light and matter without breaking the
quantum of energy h̄ωc = 0.105 eV (i.e., the photon) at any time would be obtained by inter-
changing the roles of the electrons in the previous non-breaking-photon evolution process:

ϕ0(x1)ϕ0(x2)ψ1(q) → ϕ0(x1)ϕ1(x2)ψ0(q)

|001⟩ → |010⟩ (67)

Now, the energy of the second electron at the position x2 (when the other electron remains
with its initial ground state energy) would be given by the electron ground state plus
the photon energy, ⟨Hx2(TR/2)⟩ = 0.035 + 0.105 = 0.140 eV. However, what we observe
in the simulation is simply the superposition of both non-breaking-photon evolutions
given by (66) and (67), analogous to the superposition of a dead and an alive cat. But,
such a superposition seems to indicate that half of the photon energy has moved to x1

and the other half to x2. Are the two non-breaking-photon evolutions in (66) and (67)
themselves real, or is the superposition the only real entity? Here, the word “real” refers to
ontic elements. In orthodox quantum mechanics, reality appears when the properties of
the system are measured; strictly speaking, we have measured neither (66) nor (67), nor
the superposition.

In our Bohmian approach, on the contrary, we do have ontic variables: the positions
x1(t) and x2(t) of the electrons and the parameter q(t) associated with the light, at any time,
even if the light–matter system has not yet been measured. At this point, one might be
tempted to say that different Bohmian trajectories would produce the above non-breaking-
photon evolutions. However, this is not true. In the Bohmian picture, the only (primitive)
ontic elements are the particle positions x1(t) and x2(t) at all times, while quantities such
as velocities and energies depend on the trajectory and also on the wave function (i.e., they
are functionals of the wave function). In particular, knowledge of the Bohmian trajectory
x1(t) alone is not sufficient to determine a definite value of the electronic energy associated
with electron 1; the global wave function must also be known. If the wave function is a su-
perposition of different energy eigenstates, it can be quite difficult to anticipate the value of
the energy associated with electron 1 by knowing only x1(t). On the contrary, if the global
wave function is constructed as a sum of different branches, each with dynamically disjoint
support and each associated with a single energy eigenstate, then the energy can be readily
inferred from the particle position x1(t) (by identifying on which support of the energy
eigenstates the particle lies). In our particular non-measurement simulation case, as long as
the supports of ϕ0(x1)ϕ1(x2)ψ0(q) and ϕ1(x1)ϕ0(x2)ψ0(q) overlap in configuration space,
the Bohmian configuration is guided by both components. Because of this overlap, the en-
ergy associated with the trajectory x1(t) can take rather unexpected values—for example,
the energy linked to the first electron in Figure 2, ⟨Hx1(TR/2)⟩ = 0.035 + 0.105/2 = 0.087
eV, is much lower than the sum of the electron ground-state energy and the photon energy,
0.035 + 0.105 = 0.140 eV; the same happens to the second electron —and hence no definite
“photon absorption event” involving only one electron can appear prior to measurement.
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The apparent paradox that our (orthodox and Bohmian) results display a breaking-
photon evolution—each electron “absorbs” half of the photon energy—while experiments
in the laboratory show non-breaking-photon events—one electron “absorbs” the whole
of the photon energy—is, as anticipated, easily resolved: the light–matter system consid-
ered above has not yet been measured. In other words, we are comparing “apples and
oranges”. One of the most common sources of misunderstanding in quantum mechanics
is the assumption that the properties of an unmeasured system are the same as those of a
measured one. This is not the case. Even two different measurement setups may lead to
different evolutions, which is why any quantum theory consistent with experiments must
be contextual. It is one of the great merits of Bohmian theory (as discussed in Section 5) to
show explicitly why this happens: measuring a system means coupling another system to
the original one, and two coupled systems behave differently from a single isolated system.

Figure 2. Unitary dynamics of the non-measured system under resonant coherent coupling.
(Top panel): time evolution of the populations |cnmk(t)|2 within the odd-parity sub-space over
four Rabi periods TR. The initial photonic excitation |001⟩ is coherently exchanged with the sym-
metric electronic states |100⟩ and |010⟩, while |111⟩ remains unpopulated. The total probability
is conserved at all times. (Bottom panel): expectation values of the cavity and electronic energy
contributions, showing periodic energy exchange consistent with Rabi oscillations.

6.2. Simulation of a Measured Light–Matter System

In this section, we present a numerical simulation mimicking experiments that exhibit
partition noise—historically invoked as evidence for the particle-like nature of light—and
show that their results can be consistently explained without attributing any ontology
to photons. The stochasticity of the measurement process (a photon being measured
sometimes at x1 and sometimes at x2) is provided by the stochasticity of the initial Bohmian
particle positions (the quantum equilibrium described in Section 5). The anti-correlation in
the detection events (a photon measured either at x1 or at x2, but not at both places) arises
from the non-overlapping of such a process in the enlarged configuration space constructed
when we include the measuring degrees of freedom.

First, let us discuss what it means to detect a photon. It means to measure its energy
h̄ωc. Ultimately, any measuring apparatus is made of matter and its pointer is linked
to positions in real space. We have mentioned in the previous section that, without the
resonant condition E1,p − E0,p = h̄ωc = E1,e − E0,e = 0.105 eV, light and matter do not
interact (they evolve independently), and therefore we would be unable to measure any
property of the light. Thus, the measurement must proceed by first transferring the energy
of the light to the electrons located at x1 and x2 under resonant conditions (as we have
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done in the previous non-measured simulation), and then measuring (the increment of) the
energies of the electrons at x1 and x2.

6.2.1. Model with Measuring Apparatus

We consider a simulated quantum–optical setup depicted in Figure 3. This setup is the
same as that in Figure 1, but with two additional measurement devices, each one measuring
the energy of each one of the electrons. The measurement devices are modeled as mat-
ter particles with coordinates y and z and masses my and mz (we choose my = mz = me).
The complete system is described by the configuration variables (ξ, y, z) = (x1, x2, q, y, z),
where x1 and x2 denote the electronic coordinates in each quantum well, q is the coordi-
nate of the single cavity mode, and y, z are the pointer coordinates associated with the
two detectors measuring the electronic energies. The total Hamiltonian is therefore

H = H0 + Hint + Hmeas. (68)

The free Hamiltonian (including the kinetic energy of the pointers) reads as

H0 =− h̄2

2me

∂2

∂x2
1
+ V(x1)−

h̄2

2me

∂2

∂x2
2
+ V(x2)

+
h̄ωc

2

(
− ∂2

∂q2 + q2
)
− h̄2

2my

∂2

∂y2 − h̄2

2mz

∂2

∂z2 . (69)

The light–matter interaction is modeled (as before) as

Hint = αqx1 + αqx2. (70)

The measurement of the electronic energies is implemented via von Neumann-type in-
teractions between each electron and its corresponding pointer, as described in Section 5,
given by

Hmeas = µ(t)PyKe1 + µ(t)PzKe2 , (71)

where Py = −ih̄ ∂
∂y is the momentum operator of the pointer y and Pz = −ih̄ ∂

∂z is the mo-

mentum operator of the pointer z. We also define Kei = − h̄2

2me
∂2

∂x2
i
− E0,e as the kinetic-energy

operator of electron xi (minus its ground energy value E0,e), which is the observable we
want to measure. The interaction of the pointer with the electrons is modeled through a time-
dependent Gaussian coupling µ(t) = µ0 exp

[
−(t − t0)

2/4σ2
µ

]
with µ0 = 200 nm/eV/fs.

The Gaussian profile is centered such that the measurement devices are activated at the
instant of maximum energy transfer (see Figure 3). This corresponds to t0 = π

ΩR
which

represents half a Rabi oscillation period. We find that a measurement width of σµ = 2 fs
provides a satisfactory compromise between temporal resolution and smooth Bohmian
dynamics30.

The Schrödinger equation for the total wave function Φ ≡ Φ(x1, x2, q, y, z, t) governs
the full unitary evolution of the system and reads as

ih̄
∂Φ
∂t

=

(
− h̄2

2me

∂2

∂x2
1
+ V(x1)

)
Φ +

(
− h̄2

2me

∂2

∂x2
2
+ V(x2)

)
Φ (72)

+
h̄ωc

2

(
− ∂2

∂q2 + q2
)

Φ + αq(x1 + x2)Φ

+

(
− h̄2

2my

∂2

∂y2 + ih̄µ(t)
h̄2

2me

∂

∂y
∂2

∂x2
1

)
Φ +

(
− h̄2

2mz

∂2

∂z2 + ih̄µ(t)
h̄2

2me

∂

∂z
∂2

∂x2
2

)
Φ.
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To solve the Schrödinger equation, Equation (72), we expand the total wave function in a
truncated product basis,

Φ(x1, x2, q, y, z, t) =
1,1,1

∑
n,m,k,=0

L
∑

l=−L

S
∑

s=−S
cnmkls(t)ϕn(x1)ϕm(x2)ψk(q)φl(y)φs(z), (73)

where φl , φs are the eigenfunctions of the pointer degrees of freedom, which are plane
waves. The initial coefficients cnmkls(0) are chosen so that their dependence on the pointer
indices, l = −L, . . . , 0, . . . ,L and s = −S , . . . , 0, . . . ,S , generates Gaussian wave packets
for the pointer states φ(y) and φ(z). The truncation parameters for the measurement
pointers are chosen as L = S = 10 (see Appendix C for more details).

t1 − Initial state t2 − Rabi exchange t
3 − Measurement

Time evolution

Detector 1 Detector 2
(b)

(a)

Pointer y Pointer z

y 
y 

z 
z 
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y 
+

 λ
∆

tE
e1

 

z 
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Figure 3. (a) Sketch of the simulated system including the measurement apparatus. An optical cavity
containing a single electromagnetic mode of frequency ωc interacts with two quantum dots (QD).
Each electron is coupled to an independent pointer degree of freedom, represented by the coordinates
y and z, which act as measurement devices for the electronic energies. (b) Two-level energy diagram
illustrating the measurement process during the Rabi dynamics. As in the non-measured case,
the initial state at time t1, |001⟩ = |0⟩x1

⊗ |0⟩x2
⊗ |1⟩p, evolves coherently into the superposition

1√
2
(|100⟩+ |010⟩) at time t2. When the measurement interaction is activated, the electronic states

become correlated with the pointer degrees of freedom. This correlation dynamically separates the
corresponding branches in configuration space, producing an effective collapse of the conditional
wave function: depending on the Bohmian trajectory, the system evolves either to |100⟩ or to |010⟩,
corresponding to the energy being absorbed by electron 1 or electron 2, respectively.

Substituting this expansion into (72) and projecting onto the basis states yields cou-
pled equations of motion for the coefficients cnmkls(t) completely equivalent to that of
the non-measured case (61), but with a modified diagonal energies given by the sum
Enmkls = En,e + Em,e + Ek,p + El,y + Es,z. In any case, the structure of the interaction terms is
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not modified by the addition of the measurement devices, so the Hamiltonian still preserves
the total parity mentioned in (64). The two Hilbert sub-spaces are

Heven = span{|000⟩, |110⟩, |101⟩, |011⟩} ⊗H(l,s), (74)

and
Hodd = span{|100⟩, |010⟩, |001⟩, |111⟩} ⊗H(l,s), (75)

with
H(l,s) = span{|l, s⟩}. (76)

As in the previous section, the unitary dynamics guarantee that the state remains in Hodd

for all times, and no amplitude is ever transferred to Heven. For this reason, numerical
simulations can be restricted to Hodd without loss of generality.

6.2.2. Numerical Results with Measuring Apparatus

The results presented here are obtained from the wave function Φ(x1, x2, q, y, z, t),
which is the solution of the Schrödinger equation, Equation (72). In addition, different
Bohmian trajectories defined as

ζ(η)(t) ≡ (ξ(η)(t), y(η)(t), z(η)(t)) ≡ (x(η)1 (t), x(η)2 (t), q(η)(t), y(η)(t), z(η)(t)), (77)

can also be computed, as explained in the Bohmianization in Section 4 (see Appendix D
for concrete details of this simulation). Notice that ξ(η)(t) includes the matter and light
degrees of freedom, but not the pointers’ degrees of freedom, while ζ(η)(t) includes all five
degrees of freedom. The superscript η labels different experiments, and the trajectories
in different experiments are selected according to the quantum equilibrium hypothesis,
as discussed in Section 5.

In particular, we consider ξ(1)(t) corresponding to a detection of a photon at x1

(strictly speaking, to a trajectory where the pointer y(1)(t) moves appreciably far from its
initial central position), and ξ(2)(t) corresponding to a detection of a photon at x2 (strictly
speaking, to a trajectory where the pointer z(2)(t) moves appreciably far from its initial
central position).

We recall that both Bohmian trajectories evolve under the same total wave function
Φ(x1, x2, q, y, z, t). However, this wave function can be conditioned on different Bohmian
trajectories, leading to different conditional wave functions. For example, using the previ-
ous two trajectories, we define the conditional wave function discussed in (55) as

Ψ(η)(ξ, t) ≡ Ψ(η)(x1, x2, q, t) = Φ(x1, x2, q, y(η)(t), z(η)(t), t) for η = 1, 2. (78)

Here, Ψ(1)(x1, x2, q, t) corresponds to a detection of a photon at x1, whereas Ψ(2)(x1, x2, q, t)
corresponds to a detection of a photon at x2.

Figure 4 shows the evolution of the (conditional) probabilities |c(η)nmk|
2, for η = 1, 2,

computed by projecting the conditional wave function Ψ(η)(x1, x2, q, t), defined in (78),
onto the product basis ϕn(x1)ϕm(x2)ψk(q) as

c(η)nmk(t) =
∫

dx1 dx2 dq ϕ∗
n(x1)ϕ

∗
m(x2)ψ

∗
k (q)Ψ

(η)(x1, x2, q, t). (79)

It also plots the (conditional) expectation values of the different terms Hj of the Hamiltonian
in (68), defined as

⟨H(η)
j (t)⟩ =

∫
dx1 dx2 dq Ψ(η)∗(x1, x2, q, t) Hj Ψ(η)(x1, x2, q, t). (80)
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The measurement in Figure 4 is activated around t3 ≈ 57 fs. Before the measurement
takes place, the degrees of freedom x1, x2, q evolve independently of y and z, and both
the coefficients and the energies evolve in the same way as in the case without measuring
apparatus shown in Figure 2, displaying the coherent Rabi oscillations of a closed system.

(a) (b)

Figure 4. Measurement -induced effective collapse in the two possible Bohmian outcomes.
(a) Evolution of the conditional state and corresponding expectation values along a trajectory that
follows the y-pointer branch, leading to |c100|2 → 1 and ⟨Hx1 ⟩ → E1,e, corresponding to excitation
of the first electron . (b) Evolution along the alternative trajectory that follows the z-pointer branch,
yielding |c010|2 → 1 and ⟨Hx2 ⟩ → E1,e, corresponding to excitation of the second electron. In both
cases, the total evolution remains unitary, while the effective collapse emerges from the dynamical
separation of the pointer wave packets.

During the measurement, the dynamics change dramatically. In the left panels of
Figure 4, the (ξ(1)-conditional) probability |c(1)100(t)|2 approaches unity and the correspond-

ing energy ⟨H(1)
x1 (t)⟩ reaches the value E1,e = 0.140 eV. This corresponds to the trajectory

ξ(1)(t), whose pointer coordinate moves along the y direction. Just after the measure-
ment, the (ξ(1)-conditional) state is clearly defined by the evolution in (66), giving the
measured quantum state |100⟩. In the right panels of Figure 4, the (ξ(2)-conditional) proba-
bility |c(2)010(t)|2 approaches unity and the corresponding energy ⟨H(2)

x2 (t)⟩ reaches the value
E1,e = 0.140 eV. This corresponds to the trajectory ξ(2)(t), whose pointer coordinate moves
along the z direction. Just after the measurement, the (ξ(2)-conditional) quantum state is
clearly defined by the evolution in (67), giving the measured31 quantum state |010⟩.

To help understand the full measurement process, we plot several moduli of the con-
ditional wave functions in Figure 5. In the top-left panel we plot the modulus square of the
conditional wave function Ψ(1)(y, z, t), whose initial shape is Ψ(1)(y, z, 0) ∝ φ(y)φ(z) and
which during the measurement at time t3 becomes Ψ(1)(y, z, t3) = φ(y − yE1)φ(z − zE0)

with yE1 = (E1,e − E0,e)
∫ Tsim

t0
µ(t) dt and zE0 = (E0,e − E0,e)

∫ Tsim
t0

µ(t) dt = 0. Sim-
ilarly, in the top-right panel of Figure 5 we plot the modulus square of the condi-
tional wave function Ψ(2)(y, z, t) that during the measurement at time t3 becomes
Ψ(2)(y, z, t3) ∝ φ(y − yE0)φ(z − zE1), with zE1 = (E1,e − E0,e)

∫ Tsim
t0

µ(t) dt and

yE0 = (E0,e − E0,e)
∫ Tsim

t0
µ(t) dt = 0. In summary, the (conditional) measured wave func-

tions Ψ(1)(y, z, t) and Ψ(2)(y, z, t) have different movements indicating the output results:
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the first pointer trajectory moves horizontally (y axis), while the second pointer trajectory
moves vertically (z axis).

In Figure 5, we also plot the modulus of Ψ(1)(x1, x2, t), which corresponds to |00⟩
at the initial time, evolves to 1√

2
(|10⟩ + |01⟩) at time t = t2, and becomes |10⟩(1) at

time t = t3. Abusing a bit of the language, the notation |10⟩(1) wants to refer to
Ψ(1)(x1, x2, t) = ϕ1(x1)ϕ0(x2)ψk(q(1)(t))φl(y(1)(t))φs(z(1)(t)). The same evolution hap-
pens for Ψ(2)(x1, x2, t), but the final result is |01⟩(2) when measured. The additional plots
of the modulus of Ψ(η)(x1, q, t) and Ψ(η)(x2, q, t) corroborate the evolutions just described.
Therefore, we conclude that when the pointer y(1)(t) moves while z(1)(t) does not, the con-
ditional wave function Ψ(1)(x1, x2, q, t) corresponds to |100⟩(1). Conversely, when the
pointer z(2)(t) moves while y(2)(t) does not, the conditional wave function Ψ(2)(x1, x2, q, t)
corresponds to |010⟩(2).

The key point in understanding the process of measurement is that |100⟩ and |010⟩ are,
initially, in a coherent superposition (i.e., overlap) in the configuration space (x1, x2, q) of
the non-measured simulations, but such superposition is naturally broken when measured
because the (conditional) states |100⟩(1) and |010⟩(2) do not longer overlap because they
live in an enlarged configuration space (x1, x2, q, y, z). As discussed in Section 5, |100⟩(1)

and |010⟩(2) belong to different (non-overlapping) branches and the Bohmian trajectory,
with its well-defined coordinates, can only be in one of the branches32.

Figure 5. Conditional wave functions and corresponding Bohmian trajectories at three different
times. At t1, the system is in the initial state of the simulation, |Φ(t1)⟩ = |001⟩ ⊗

∣∣φy
〉
⊗ |φz⟩. At t2,

corresponding to half a Rabi oscillation, the energy transfer is maximal and the state has evolved into
the superposition |Φ(t2)⟩ = 1√

2
(|100⟩+ |010⟩)⊗

∣∣φy
〉
⊗ |φz⟩. At the later time t3, the measurement

interaction has been completed. (a) The Bohmian trajectory follows the wave packet associated with
pointer y, indicating that the energy has been absorbed by the first electron. (b) The trajectory follows
the wave packet associated with pointer z, corresponding to the case in which the energy is absorbed
by the second electron.
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We have therefore shown how partition noise (i.e., the photon is detected at x1 or at
x2, but never at both positions) arises from the measurement of the electronic energies,
without requiring photons to be interpreted as ontic discrete corpuscular entities.

In the non-measured simulation, the energy is transferred symmetrically to both
electrons as a consequence of the coherent unitary dynamics. Only when measurement
devices are included does an effective collapse emerge through the dynamical branching
of the wave function, leading to definite outcomes linked to the Bohmian trajectories of
the pointers. Under the condition that the available energy is sufficient to excite only
one electron at a time, partition noise naturally appears in the statistics of measurement
outcomes33.

7. Conclusions
By revisiting and rehabilitating earlier Bohmian proposals [3,6,22,24,25], we show that

cavity quantum electrodynamics experiments can be modeled using Bohmian electron
trajectories in physical space together with well-defined electromagnetic fields, represented
by appropriate evolving variables. We explicitly discuss how the Born rule is satisfied,
and we numerically simulate an experiment involving photon partition noise.

The paper presents two main innovations. The first is pedagogical, with implica-
tions for numerical computations. The claim that deterministic trajectories governed by
a unitary Schrödinger equation cannot account for processes involving photon creation
and annihilation is largely semantic and historically conditioned. We show that processes
described in Fock space as photon creation and annihilation can be more simply reinter-
preted as quantized energy exchanges between matter and electromagnetic field modes34.
From this perspective, unitary Schrödinger evolution in coordinate space provides a con-
ceptually straightforward framework to discuss practical aspects of quantum electrody-
namics, relying on the same mathematical machinery used in standard non-relativistic
quantum mechanics.

The use of Bohmian trajectories to solve the dynamics of such systems enables a
discussion of quantum electrodynamics within a well-defined world in which particles and
fields evolve non locally, continuously, and deterministically, reproducing the statistical
predictions of quantum theory while offering a transparent account of individual processes.
Beyond providing a clear ontology, this framework explains how quantum electrodynamics
measurements can be understood —specifically, how the superposition principle is effec-
tively broken during measurement—without invoking any collapse postulate. The overall
message is that a physical theory with a well-defined ontology helps to better understand
physical phenomena, free from ambiguities and apparent paradoxes. This paper also serves
as a presentation of a software package, QC-Slim [66], that has been developed following
these pedagogical principles, and it opens new avenues for the numerical computation of
quantum electrodynamic phenomena.

The second major contribution of this paper is a detailed analysis of what is actually
measured when a photon is detected. We argue that, in photon-detection events, what is
experimentally recorded is the motion of matter in the apparatus. We show that photon
partition noise does not require photon trajectories, i.e., photon partition noise is not a
manifestation of an intrinsic particle nature of light, but rather a consequence of the particle
nature of the material pointers.

This discussion is particularly relevant for understanding experiments that measure
momentum and position for photons to evaluate empirically a weak value [54,55]. Such
weak values have been interpreted as empirical determinations of Bohmian photon veloci-
ties. However, within the traditional Bohmian mechanics presented in this paper there is
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no such notion as a photon velocity in the ontological sense. Therefore, the present paper
offers also a path to clarify what is actually being measured in such type of experiments.

In this paper, we also suggest the possibility (already indicated in the literature [30–36])
of interpreting quantum electrodynamical phenomena within a Bohmian trajectory fermion-
only ontology, in which both the photon concept and the electromagnetic field itself are
regarded as emergent rather than fundamental (ontic) entities, due to other non-simulated
electrons. Within this Bohmian trajectory fermion-only ontology, the translation of the
classical results in (1) and (2) is straightforward, requiring only the replacement of classical
electron trajectories with Bohmian ones. The expressions in (9) and (10) can then be directly
applied. The results presented in Section 6, where photon properties are measured while
being defined as non-ontic quantities from the beginning, show that only ontic trajectories
for the matter pointers are required for the traditional Bohmian explanation of quantum
measurements of individual systems.
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Appendix A. Creation and Annihilation in Fock Space
Instead of the operators b̂λ =

√
h̄qλ and q̂λ = −i

√
h̄ ∂

∂qλ
in (31) to define Hfield,λ in (32),

one can invoke different operators, named annihilation and creation operators, respectively,

âλ =
1√
2

(
∂

∂qλ
+ qλ

)
, â†

λ =
1√
2

(
− ∂

∂qλ
+ qλ

)
. (A1)

that satisfy â†
λ âλ = 1

2

(
− ∂2

∂q2
λ

+ q2
λ − 1

)
and âλ â†

λ = 1
2

(
− ∂2

∂q2
λ

+ q2
λ + 1

)
so that [âλ, â†

λ] = 1.

With these new operators, the energy of one mode of the electromagnetic field can be
rewritten as

Hfield,λ =
h̄ωλ

2

(
− ∂2

∂q2
λ

+ q2
λ

)
= h̄ωλ

(
â†

λ âλ +
1
2

)
. (A2)

Then, one can straightforwardly show that [âλ, Hfield,λ] = h̄ωλ âλ and [â†
λ, Hfield,λ] =

−h̄ωλ â†
λ. Finally, the energy eigenstates of the Hfield,λ in (33) can be written here as the

“ket” corresponding to m photons by the “bra” of the coordinate qλ:

ψm,λ(qλ) ≡ ⟨qλ|m⟩. (A3)
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Then, one can identify the annihilation operator

âλ |m⟩ =
√

m |m − 1⟩, (A4)

as the operator the eliminates one photon, while the creation operator

â†
λ |m⟩ =

√
m + 1 |m + 1⟩. (A5)

is the one creating a photon. In particular,

âλ |0⟩ = 0, (A6)

since the vacuum contains no particles. If we assimilate the photon as a particle then
we are dealing with the states |0⟩, |1⟩, |2⟩, ... with a different number of particles. Such
an interpretation finds a natural definition in the so-called Fock Space F to deal with a
variable number of identical particles.

In this new language, we can re-interpret the wave function Ψ(r, q1, . . . , qM, t) in (35)
as a superposition of different electromagnetic fields with a different number of photons
in each electromagnetic mode, and the modulus square of cn,m1,...,mM(t) in (36) as a the
probability of having m1 photons in the first mode, m2 in the second and so. The evolution
of such superposition with a different number of particles will be exactly given by (37) with
βn,m1,...,mM;n′ ,m′

1,...,m′
M

and γn,m1,...,mM;n′ ,m′
1,...,m′

M
providing the transition between configura-

tions with a different number of particles.

Appendix B. Schrödinger Equation for Two Electrons and One
Electromagnetic Mode

The simplifications mentioned in the introduction of Section 6.1.1 straightforwardly
leads to the following Schrödinger equation:

ih̄
∂Ψ
∂t

=

(
− h̄2

2me

∂2

∂x2
1
+ V(x1)

)
Ψ +

(
− h̄2

2me

∂2

∂x2
2
+ V(x2)

)
Ψ

+
h̄ωc

2

(
− ∂2

∂q2 + q2
)

Ψ − 1
2me

α′2
∂2

∂q2 Ψ +
h̄

me
α′

∂

∂q
∂Ψ
∂x1

+
h̄

me
α′

∂

∂q
∂Ψ
∂x2

, (A7)

where we define

α′ =
e
√

h̄U0√
ωcε0

. (A8)

To simplfy the notation, we also define pj = (−i)h̄ ∂
∂xj

with j = 1, 2 and s = (−i) ∂
∂q . We can

then write the Hamiltonian in (A7) as

H =
p2

1
2me

+ V(x1) +
p2

2
2me

+ V(x2) +
h̄ωc

2

(
q2 + s2

)
+

1
2me

α′2s2 − α′

me
sp1 −

α′

me
sp2, (A9)

If we now define the unitary operator as

U = exp
(

i
h̄

α′s(x1 + x2)

)
, (A10)

we can perform a gauge change given by

H′ = UHU† + ih̄(∂tU)U†, Ψ′ = UΨ. (A11)
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Since U ̸= U(t), the temporal derivative vanishes and we only need to do the transforma-
tion UHU†. Since the position operators x1, x2 are the generators of translations in the
momentum p space, and s is generator of translation in q space, the transformation can be
easily performed:

UpjU† = pj + α′s

UqU† = q +
α′

h̄
(x1 + x2), (A12)

in (A9). The transformation on the electrons positions operators leave them unchanged,
UxU† = x, and the same is true for s. So, applying the transformation gets

H′ =
(p1 + α′s)2

2me
+ V(x1) +

(p2 + α′s)2

2me
+ V(x2) +

h̄ωc

2
s2+

+
h̄ωc

2

(
q +

α′

h̄
(x1 + x2)

)2

+
1

2me
α′2s2 − α′

me
s
(

p1 + α′s
)
− α′

me
s
(

p2 + α′s
)
, (A13)

Expanding squares gets

H′ =
p2

1
2me

+ V(x1) +
p2

2
2me

+ V(x2) +
h̄ωc

2
(q2 + s2)

+ αq(x1 + x2) +
3α2

2meω2
c

s2 +
α2

2h̄ωc
(x1 + x2)

2 (A14)

with α = ωcα′. Note that the terms proportional to α2s2 and α2(x1 + x2)
2 introduce

corrections to the eigenenergies of the full Hamiltonian and, more generally, modify its
eigenstates. Consequently, the original product basis does not exactly diagonalize the
Hamiltonian, and these contributions generate both diagonal energy shifts and off-diagonal
couplings in that representation.

The diagonal contributions lead to small energy corrections. For α = 10−12 J/m and ωc ∼
1014 Hz, which are the values used in the simulations, one obtains s2α2/(ω2

c me) ∼ 10−21 J and
α2(x1 + x2)

2/(2h̄ωc) ∼ 10−23 J, which are negligible compared to the characteristic energy
scale h̄ωc ∼ 10−20 J.

The off-diagonal contributions associated with s2 induce transitions |k⟩ ↔ |k ± 2⟩
in the electromagnetic mode. Within the two-level truncation adopted for both electrons
and the field, these transitions are projected out and therefore do not contribute to the
effective dynamics. The same is true for x2

1 and x2
2. In contrast, the term proportional

to x1x2 survives the projection onto the two-level electronic sub-space. Formally, the
∼x1x2 term introduces a ’Rabi’ oscillation between both electrons. The frequency of this
interaction is Ωxx ∼ α2

h̄ωc
⟨0|x1|1⟩⟨0|x2|1⟩ = α2

h̄ωc
⟨0|x1|1⟩2, whereas the usual Rabi frequency

is ΩR ∼ α⟨0|x1|1⟩⟨0|q|1⟩. Given that, under the parameters considered in the simulations
in Section 6, ⟨0|x1|1⟩ ∼ 10−9 and ⟨0|q|1⟩ = 0.707, the relative value between the timescales
τR and τxx is

τxx

τR
=

ΩR
Ωxx

=
h̄ωc⟨0|q|1⟩

α⟨0|x|1⟩ ∼ 8, (A15)

which means that the transition produced by x1x2 is eight times slower than the x1q and
x2q terms. Within the time window considered in the simulations in Section 6, this term
can be neglected. This leaves the effective Hamiltonian:

H′ =
p2

1
2me

+ V(x1) +
p2

2
2me

+ V(x2) +
h̄ωc

2
(q2 + s2) + αq(x1 + x2). (A16)
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Appendix C. Schrödinger Equation for Two Electrons, One Electromagnetic
Mode and Two Pointers

The initial state corresponds to the configuration depicted in Figure 3 which corre-
sponds to the excited electromagnetic field state and the ground electronic states:

|Φ(0)⟩ = |001⟩ ⊗
∣∣φy
〉
⊗ |φz⟩. (A17)

The pointer states that
∣∣φy
〉
= ∑L

l=−L cl |l⟩ and |φz⟩ = ∑S
s=−S ds|s⟩ are constructed as

a Gaussian superposition in the truncated momentum-like basis {|l⟩} and {|s⟩} with
L = S = 10. The corresponding spatial wave functions are

φ(y) = ⟨y|φy⟩ =
L
∑

l=−L
cl φl(y), φ(z) = ⟨z|φz⟩ =

S
∑

s=−S
ds φs(z). (A18)

with coefficients

cl = Ny exp

[
− (l − l0)2

4σ2
ky

]
, ds = Nz exp

[
− (s − s0)

2

4σ2
kz

]
. (A19)

where σky and σkz control the width of the Gaussian, and the discrete Fourier expansion is

φl(y) = ⟨y|l⟩ = 1√
Ly

exp
(

iπl
y
Ly

)
, φs(z) = ⟨z|s⟩ = 1√

Lz
exp
(

iπs
z
Lz

)
. (A20)

Thus, the Gaussian structure in coefficient space determines the initial shape of the pointer
wave packets in configuration space through this discrete Fourier representation. The
truncation parameters are chosen as L = S = 10, providing 2L + 1 = 21 basis states
for each pointer degree of freedom. The qualitative measurement dynamics is already
reproduced for much smaller truncations (e.g., L = S = 1); the chosen value is adopted to
obtain better spatial resolution of the pointer packets in configuration space.

For an initial Gaussian packet of spatial width σ0, the time evolution leads to

σ(t) = σ0

√
1 +

(
h̄t/2meσ2

0
)2. Pointer dynamical stability therefore requires the disper-

sion time scale τd ∼ 2meσ2
0

h̄ to be much larger than the total interaction and simulation time,
τd ≫ Tsim, and, simultaneously, that the spatial extension of the apparatus be sufficiently
large so that the wave packets remain well inside the physical domain during the evolution,
i.e., Ly,z ≫ σy,z(t). These conditions can be summarized by the hierarchy

Ly,z ≫ σy,z(t) ≫

√
h̄Tsim

2me
. (A21)

In the present implementation we choose my = mz = me. For a total simulation time
of approximately one Rabi period, Tsim ≈ TR, the condition τd ≫ Tsim implies

σ
y,z
0 ≫

√
h̄Tsim

2me
∼ 10−8 m. (A22)

The width σ
y,z
0 of the Gaussian wave packet in real space is approximately related

to the width of the Gaussian coefficients in the conjugate mode space, σky ,kz , through
σ

y,z
0 ≈ Ly,z/2πσky ,kz . The parameters σky ,kz are chosen such that truncation effects from the

finite basis are negligible. In particular, we use σy =
√
L, σz =

√
S , which ensures that
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the Gaussian distribution of coefficients is well contained within the truncated interval of
modes and produces a smooth Gaussian wave packet in real space.

With the choice Ly,z = 10−6 m, this gives an initial spatial width σ
y,z
0 ∼ 10−7 m.

The resulting parameters satisfy the hierarchy Ly,z ≫ σy,z(t) ≫
√

h̄Tsim/2me, ensuring
negligible spreading during the simulated time window and allowing the separated pointer
branches to remain dynamically distinguishable.

Appendix D. Computation of the Bohmian Trajectories
We compute here the Bohmian velocities of the measured light–matter system.

The Bohmian velocities of the non-measured simulations can be obtained straightfor-
wardly. We consider the full system with five degrees of freedom (x1, x2, q, y, z) describing
the two electrons, the cavity mode and the two pointer variables of the measuring devices.
The Bohmian velocities of the non-measured simulations can be obtained straightforwardly.

The wave function Φ(x1, x2, q, y, z, t) satisfies the Schrödinger in (72) in the manuscript,
written here as ih̄∂tΦ − HΦ = 0. To obtain the associated conserved current, we look for a
continuity equation. Following the standard procedure we subtract the complex conjugate
equation multiplied by Φ from the original equation multiplied by Φ∗,

Φ∗(ih̄∂tΦ − HΦ)− (ih̄∂tΦ − HΦ)∗Φ = 0. (A23)

The terms involving a time derivative can be compactly written as ih̄ ∂|Φ|2
∂t . All potential

terms, say f , cancel because they appear without spatial derivatives, Φ∗ f Φ − Φ f Φ∗ = 0.
The remaining terms with spatial derivative can be rearranged as total derivatives.
For instance,

Φ∗∂2
xΦ − ∂2

xΦ∗Φ = ∂x(Φ∗∂xΦ − Φ∂xΦ∗). (A24)

The mixed derivatives appearing in the measurement interaction can also be written as
total derivatives,

Φ∗∂y∂2
xΦ − ∂y∂2

xΦ∗Φ = ∂x

(
Φ∗∂2

yxΦ + Φ∂2
yxΦ∗

)
− ∂y(∂xΦ∗∂xΦ). (A25)

After rearranging all terms we obtain the following continuity equation:

∂|Φ|2
∂t

+
∂Jx1

∂x1
+

∂Jx2

∂x2
+

∂Jq

∂q
+

∂Jy

∂y
+

∂Jz

∂z
= 0. (A26)

The probability currents define the Bohmian velocity fields through the expression Ji =

|Φ|2vi. So finally, we get

vx1 =
−i h̄

2me
(Φ∗∂x1 Φ − Φ∂x1 Φ∗)− µ(t) h̄2

2me

(
Φ∗∂2

yx1
Φ + Φ∂2

yx1
Φ∗
)

|Φ|2 , (A27)

vx2 =
−i h̄

2me
(Φ∗∂x2 Φ − Φ∂x2 Φ∗)− µ(t) h̄2

2me

(
Φ∗∂2

zx2
Φ + Φ∂2

zx2
Φ∗)

|Φ|2 , (A28)

vq =
−i ω

2 (Φ
∗∂qΦ − Φ∂qΦ∗)

|Φ|2 , (A29)

vy =
−i h̄

2my
(Φ∗∂yΦ − Φ∂yΦ∗) + µ(t) h̄2

2me
(∂x1 Φ∗∂x1 Φ)

|Φ|2 , (A30)

vz =
−i h̄

2mz
(Φ∗∂zΦ − Φ∂zΦ∗) + µ(t) h̄2

2me
(∂x2 Φ∗∂x2 Φ)

|Φ|2 . (A31)
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Notes
1 Typically , a quantum system with N particles is described within a Hilbert space with N degrees of freedom. More generally,

a quantum system with a variable particle-number is formulated in Fock space [26].
2 It is relevant to mention that Goldstein et al. [28] explored the possibility that not all particles need to be real; in their approach,

certain degrees of freedom, such as those associated with radiation, are not assigned positions as beables, yet the theory still
reproduces all empirical predictions. The numerical results in this paper can be understood as a concrete example of the result
of [28].

3 A possible direction for extending this proposal to relativistic scenarios is indicated in Lienert [37] where particles interact directly
along light cones at the quantum level, using multi-time wave functions to maintain relativistic consistency.

4 Certainly, the word ontic can have slightly different meanings. Even a law can be defined as a nomological element that is
part of the ontology of a theory. In this paper, however, we will use the term “ontic element of a physical theory” to refer
to something that is considered physically real, in the same sense that particles are considered in classical mechanics. For an
element of a physical theory that is not considered physically real in this sense, we will refer to it as non-ontic. For example,
in classical mechanics, the center of mass—defined as a sum of the positions of the particles—is not ontic, even though the
particles themselves are ontic. In the literature, what we call ontic in this paper is often referred to as the primitive ontology of
the theory [38].

5 One can imagine photons and electrons as billiard balls satisfying conservation of energy and momentum when colliding.
In the process, the photon can be created or annihilated. However, this simple model cannot account for interference and other
intrinsically quantum electrodynamic phenomena [27].

6 The word particle is commonly used in quantum field theory. It certainly does not mean an entity with well-defined positions at
all time, but something different and compatible with its definition of excitation of the quantum electromagnetic field. In any case,
the word particle for the photon still suggests some type of onticity for the photon in the sense of an additional dimension in
Hilbert (or Fock) space.

7 A completely different approach, in which the ontic variables are fields rather than particles and the detected entities are ontic
fields, can also be defended [56].

8 As time evolves, in classical mechanics, the system follows a trajectory in the 6N -dimensional phase space that corresponds to a
set of trajectories ri(t) in physical space, one for each particle. These trajectories are regarded as ontic elements of the classical
mechanics theory, describing the actual motion of matter.

9 Why are we interested in knowing what happens at r if, for the moment, no particles are present there? We provide an answer
when we discuss the retarded potentials in (9) and (10).

10 Similarly, an advanced time can also be mathematically defined for the solution of the mentioned inhomogeneous equation. For a
discussion of its physical meaning in classical scenarios, see [35,36].

11 The units of sλ(t) are the square root of a volume multiplied by volt-second and divided by meter.
12 If refractive index n(r) varies spatially, the equation remains ∇2Uλ(r) +

ω2
λ

c2 n2(r)Uλ(r) = 0, which is an eigenvalue problem
for ωλ.

13 At this point the reader can argue that such new degrees of freedom, s1(t), s2(t), . . ., used to describe the electromagnetic fields
are somehow arbitrary. By selecting different Uλ(r) we will have different degrees of freedom. This is true and it would be
problematic if we pretend to give some type of ontological status to the photons, but this is not the case in this paper. The analogy
with the center of mass for describing particles is pertinent here. The degree of freedom of the center of mass defined is not an
ontic element, but it can be used as a useful degree of freedom to solve the problem.

14 Multiply the Helmholtz equation, Equation (17), for Uλ by U∗
λ′ and integrate

∫
d3r U∗

λ′ · ∇2Uλ + k2
λ

∫
d3r U∗

λ′ ·Uλ = 0; integrating
by parts and using the boundary conditions,

∫
d3r U∗

λ′ · ∇2Uλ =
∫

d3r ∇2U∗
λ′ · Uλ; using the Helmholtz equation, Equation (17),

again, we obtain −k2
λ′
∫

d3r U∗
λ′ · Uλ + k2

λ

∫
d3r U∗

λ′ · Uλ = 0; therefore, (k2
λ − k2

λ′ )
∫

d3r U∗
λ′ · Uλ = 0; finally, if kλ ̸= kλ′ ,

it follows that
∫

d3r U∗
λ′ (r) · Uλ(r) = 0, thus the modes are orthogonal; we properly normalize

∫
d3r Uλ · U∗

λ = 1 so that∫
d3r Uλ · U∗

λ′ = δλ,λ′

15 We compute
∫

d3r (∇× Uλ) · (∇× U∗
λ‘) =

∫
d3r Uλ ·

(
∇(∇ · U∗

λ′ )−∇2U∗
λ′
)
; we use ∇ · U∗

λ′ = 0 and the Helmholtz equation,
Equation (17), to get

∫
d3r (∇× Uλ) · (∇× U∗

λ‘) = k2
λ

∫
d3r Uλ · U∗

λ′ = k2
λδλ,λ′ .

16 The classical Poisson bracket, in general, for a pair of classical observables f (a, b) and g(a, b), is defined as { f , g} =
∂ f
∂a

∂g
∂b − ∂ f

∂b
∂g
∂a .

17 In quantum mechanics, observables are represented by Hermitian operators. The commutator of two operators F̂ and Ĝ is defined
as [F̂, Ĝ] = F̂Ĝ − ĜF̂.

18 For example, the classical observables satisfy a · b + b · a = 2 a · b, but this equivalence is not true for its quantum version because
â · b̂ and b̂ · â are different. This problem will appear in the quantum version of (24) with the terms p · A and A · p, but in the
Coulomb gauge, this issue will not be problematic.
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19 It is a straightforward procedure to show [x̂, p̂]ψ(x) = −x ih̄ dψ(x)
dx + ih̄ d

dx (x ψ(x)) = ih̄ψ(x), where the quantum state in the
position representation is ψ(x).

20 In quantum mechanics p = −ih̄∇ is a differential operator, so operator ordering matters when it acts on position-dependent
functions such as A(r). Acting on a wavefunction ψ, one finds(p · A)ψ = −ih̄∇ · (Aψ) = −ih̄[(∇ · A)ψ + A · ∇ψ] = (A · p)ψ,
where we have used the Coulomb gauge, ∇ · A = 0.

21 For matter, the quantum operators of position and momentum are unambiguously defined as x̂ = x and p̂ = −ih̄∂x, respectively,
since measurement outcomes (i.e., pointer readings) are ultimately encoded in the position of matter rather than in its velocity.
In contrast, for the electromagnetic mode variables, there is an ambiguity in determining which quantum operator should act
multiplicatively and which as a derivative, since these variables are not directly measured. Throughout this paper, we adopt the
following convention for the electromagnetic mode variables: q is taken as a multiplicative operator and s = −i∂q as a derivative
operator. For the numerical simulations, the Bohmian velocities computed in Appendix D are derived from the simplified
Hamiltonian given in (59), where the matter–light interaction (within the dipole approximation) is expressed in terms of the
electric field E, which is proportional to q rather than to s. The resulting simplification of the numerical implementation is the
only argument used to justify our original choice of electromagnetic field operators throughout the paper. The only exception is
in the derivation of the continuity equation in (40) and in the Bohmian velocities in this Section 4, where we adopt the opposite
convention, namely, s as a multiplicative operator and q = −i∂s as a derivative operator. This latter choice is motivated by the
fact that the light–matter interaction appears through the vector potential A in (34), which is proportional to s rather than to
q as seen in (16). With this convention, the corresponding expressions are significantly simplified (thus, in the expressions of
the Bohmian velocity below, q should be understood as s). It can be demonstrated that the ambiguity in the choice of operators
associated with the electromagnetic mode variables has no net effect on the matter (electron) dynamics.

22 It is important to realize that this continuity equation in (44) refers to a set of trajectories, each corresponding to a different
experiment. In contrast, the continuity equation in (3) referred to a set of N trajectories within a single experiment. The fact
that trajectories associated with experiments that are not actually performed still influence a given experiment is at the heart of
quantum theory.

23 The delta function can only be correctly interpreted when integrated over a region of configuration space.
24 In realistic experimental scenarios, exact disjointness is not required; it suffices that the supports be approximately disjoint, which

guarantees an adequate level of distinguishability between the pointer states.
25 The other branches are empty wave functions in the sense that there is no Bohmian trajectory on their supports. As long as the

global evolution remains under the Markovian regime—notice that a realistic macroscopic pointer deals with 1023 degrees of
freedom—we can assume that such an empty wave function in the 1023-dimensional configuration space will never interfere
again with the non-empty wave function (53).

26 In principle, one could attempt to prepare an initial wave function sharply peaked around a configuration, |Φ(ξ, y, 0)|2 ≈
δ(ξ − a) δ(y − b). In that case, all preparations would satisfy ξ(η)(0) ≈ a and y(η)(0) ≈ b. However, such δ-wave functions are
not prepared as initial quantum states in laboratories since they are ill-defined because they require arbitrarily large energies.

27 Many more particles are involved in this experiment (in particular those of the matter particles required to create the optical
cavity and the quantum wells) that are not included in the simulation. Following the discussion in the introduction, one can argue
that the interaction of the other non-simulated particles with the two simulated electrons is effectively incorporated through the
electromagnetic field E and B, and the potential barriers of the quantum wells and optical cavity.

28 The concept of effective electron mass allows electrons in the semiconductor forming the quantum well to be treated as quasi-
free particles, incorporating the influence of the periodic lattice without explicitly modeling the atomic structure. The value
me = 0.042m0 is characteristic of Indium Gallium Arsenide, a material widely used in quantum well structures for high-speed
electronic and photonic applications.

29 Notice that the energy associated with the interaction terms in the Hamiltonian is almost negligible due to the small value of α

in the strong light–matter coupling regime considered in this work. For larger values of α, corresponding to the ultra-strong
coupling regime, the situation could be quite different.

30 The measurement duration σµ must be chosen much smaller than the Rabi period in order to ensure that the measurement is
performed near the desired quantum state. If the measurement time were comparable to the Rabi period, the interaction would
probe the system throughout its dynamical evolution, leading to a less well-defined measurement outcome. On the other hand,
the measurement cannot be made arbitrarily short. An idealized Dirac-delta-like interaction would induce unphysical features in
the Bohmian trajectories, such as divergent velocities at the instant of measurement.

31 The measurement itself can be regarded as a preparation procedure that sets new initial conditions for the system, different from
the state |001⟩ used in the non-measured simulations. After the measurement (i.e., preparation), the coherent evolution of the
light–matter system with Rabi oscillations occurs again.

32 Of course, if one prefers to ignore the detailed discussion of the roles played by y(η)(t) and z(η)(t) in breaking the superposition,
one may still explain the detection of the photon by invoking a (non-unitary and stochastic) fundamental collapse process
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such as 1√
2
(|100⟩+ |010⟩) → |100⟩ or 1√

2
(|100⟩+ |010⟩) → |010⟩, depending on the outcome of “God’s dice”. Although the

mathematical description of such a collapse is certainly simpler, it appears far less satisfactory from a fundamental point of view.
33 Throughout the simulation, the dynamics are restricted to the sub-space Hodd, which contains states with an odd number of

excitations. The structure of the Hamiltonian therefore prevents transitions to states such as |110⟩, |101⟩, or |011⟩. In principle,
the state |111⟩ belongs to the same parity sector and is dynamically allowed. However, transitions such as |100⟩ → |111⟩
require deep strong coupling, which occurs only when the interaction term αxq becomes comparable in magnitude to the free
Hamiltonian contributions. In that deep strong regime (not considered in this paper), energy stored in the interaction can be
redistributed to the rest of the system. Importantly, this behavior remains fully consistent with energy conservation and arises
purely from the unitary dynamics of the model.

34 Even the creation and annihilation of electrons can be interpreted as a semantic description of a change in the electron’s energy
from a negative value (in the Dirac sea) to a positive one, or vice versa, within a “persistent particle ontology” as described in [65]
or when the “Dirac sea is taken seriously” as proposed in [29].
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