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Abstract

Bohmian Mechanics (BM) posits a deterministic quantum framework where particle tra-
jectories are guided by a wave function within a preferred Lorentz frame, a dependence
starkly revealed by a novel EPR-Bohm experiment with reversible measurements. Unlike
Bell tests, where BM’s predictions align with standard quantum mechanics regardless of
frame, this experiment demonstrates that the Born rule’s application in the preferred frame
determines whether Alice’s intermediate measurement statistics are random or determinis-
tic. This reliance on a preferred frame—a measure-zero set in the continuum of Lorentz
frames—exposes BM’s fundamental deficiency, as it is experimentally undetectable, lacks
physical justification, and violates special relativity’s frame equivalence. Collapse theories,
such as GRW and CSL, face analogous issues, requiring a preferred frame for non-local
collapse events. This analysis highlights the inherent tension between single-world quan-
tum theories and relativistic constraints, raising significant doubts about their viability as
alternative quantum theories. The findings underscore the need for quantum interpreta-
tions that reconcile realism with relativity, suggesting that the Many-Worlds Interpretation,
which provides a Lorentz-invariant framework without requiring a preferred frame, may offer
a more robust and consistent foundation for quantum mechanics.

1 Introduction

Bohmian Mechanics (BM), also known as the de Broglie-Bohm theory or pilot-wave theory,
is a deterministic, single-world interpretation of quantum mechanics that seeks to provide a
realist ontology by supplementing the wave function with definite particle positions [6]. Unlike
standard quantum mechanics, which relies solely on the wave function to describe physical
systems probabilistically, BM posits that particles follow precise trajectories guided by the wave
function’s phase through a guidance equation. This approach aims to resolve the measurement
problem by ensuring that particles have well-defined positions at all times, with measurement
outcomes determined by their initial configurations and the quantum equilibrium hypothesis,
which aligns statistical predictions with the Born rule, P = |2, in a preferred reference frame
[1]. However, a critical feature of BM is its reliance on the preferred Lorentz frame to define the
temporal order of events, a requirement that distinguishes it from other quantum interpretations
and introduces significant theoretical challenges.

The necessity of a preferred frame in BM arises because the guidance equation depends on the
particle configuration at a specific time, necessitating a global time order to ensure deterministic
particle trajectories [6]. In non-relativistic BM, this frame is often implicitly aligned with the
laboratory frame, and its arbitrariness has minimal impact on observable predictions, such as
expectation values or correlation functions. However, in relativistic contexts, the preferred
frame becomes explicit, as BM must select one Lorentz frame from the continuum to maintain
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consistency in its dynamics [2]. This choice, while ensuring Lorentz-invariant final outcomes in
standard experiments like Bell tests, introduces a fundamental tension with special relativity
(SR), which mandates the equivalence of all inertial frames for physical laws. The preferred
frame’s role is particularly problematic in scenarios where intermediate measurement statistics
depend on the frame’s temporal order, as demonstrated by a novel EPR-Bohm experiment with
reversible measurements proposed in this paper.

This EPR-Bohm experiment, involving two spin-1/2 particles in a singlet state, is designed
to probe the implications of BM’s preferred frame by introducing a superobserver who performs
unitary reversals of Alice’s measurements before Bob’s final measurement [4]. Unlike Bell tests,
where BM reproduces standard quantum correlations regardless of the frame choice due to
frame-invariant final statistics, this experiment reveals that the Born rule’s application in the
preferred frame critically determines whether Alice’s intermediate measurement statistics are
random or deterministic. Specifically, in one Lorentz frame (Frame A), Alice’s measurements
yield random outcomes (P(+1) = 1/2), while in another (Frame B), they are deterministic (e.g.,
P(—1) = 1) conditioned on Bob’s outcome. This frame-dependent behavior underscores BM’s
reliance on an arbitrarily chosen preferred frame, which is a measure-zero set in the continuum
of Lorentz frames and lacks physical justification.

The dependence on a preferred frame exposes what we argue is a fundamental deficiency in
BM, shared by other single-world quantum theories such as collapse models like the Ghirardi-
Rimini-Weber (GRW) and Continuous Spontaneous Localization (CSL) frameworks, which sim-
ilarly require a preferred frame to define non-local collapse events [5]. The frame is experimen-
tally undetectable, as no experiment can identify which Lorentz frame is preferred, given that
final outcomes remain Lorentz-invariant [2]. It is also non-physical, existing as a theoretical
construct without measurable properties or a dynamical origin, in contrast to physical entities
like the spacetime metric in general relativity. Moreover, the preferred frame conflicts with
SR’s principle of frame equivalence, as it privileges one frame’s dynamics over others, leading to
frame-dependent physical predictions in the EPR-Bohm experiment. Additional flaws, includ-
ing the arbitrary selection of the frame, the restriction of the Born rule to a single frame, and
the resulting limitations in predictive power, further undermine BM’s viability as a fundamental
theory capable of providing a complete and consistent description of quantum phenomena.

In contrast, other quantum interpretations address these issues differently. Single-world
Lorentz-invariant quantum theories (SLIQTS), such as QBism, assume the Born rule’s universal
applicability across all Lorentz frames, avoiding the need for a preferred frame but facing con-
tradictions in scenarios like the EPR-Bohm experiment, where frame-dependent statistics imply
incompatible realities [3]. The Many-Worlds Interpretation (MWTI), on the other hand, offers a
Lorentz-invariant framework by distributing frame-dependent outcomes across observer-specific
branches, preserving unitarity and eliminating the need for a preferred frame [7, 8]. MWI’s
ability to accommodate all frame-dependent realities without arbitrary constructs highlights its
potential as a more complete quantum ontology compared to BM.

This paper aims to critically examine BM’s preferred frame problem and its implications
for the theory’s status as a realist alternative to quantum mechanics, while also exploring its
extension to collapse theories. We argue that the preferred frame’s flaws render BM and simi-
lar single-world theories fundamentally deficient, challenging their claim to provide a coherent
and empirically adequate account of the quantum world. The paper is structured as follows:
Section [2] introduces the formalism of BM, emphasizing the role of the preferred frame in its dy-
namics. Section [3| details the EPR-Bohm experiment with reversible measurements, illustrating
how the preferred frame determines Alice’s intermediate statistics. Section [4] analyzes the ex-
periment within BM, highlighting the pivotal role of the preferred frame and the violation of the
Born rule in non-preferred frames. Section [p]systematically critiques the preferred frame’s flaws,
including its arbitrariness, conflict with SR, unobservability, and non-physical nature. Section [6]
examines foliation-based relativistic models of BM, assessing their attempt to mitigate the pre-



ferred frame problem through covariant spacetime foliations and their persistent deficiencies.
Section [7| extends this critique to collapse theories, demonstrating that their reliance on a pre-
ferred frame introduces analogous deficiencies. Section [§] compares BM with SLIQTs and MWI,
evaluating their ability to address frame-dependent phenomena. Finally, Section [9] concludes
that BM’s reliance on a preferred frame undermines its viability, supporting MWI as a more
consistent and complete quantum interpretation.

2 Bohmian Mechanics

Bohmian Mechanics (BM) posits that particles possess well-defined positions at all times, follow-
ing precise trajectories determined by the wave function’s phase. This approach aims to resolve
foundational issues in quantum mechanics, such as the measurement problem, by eliminating
the need for wave function collapse and providing a clear account of measurement outcomes
based on the particles’ initial configurations. BM’s commitment to realism and determinism
makes it a compelling alternative to other quantum interpretations. Below, we outline the
technical formalism of BM, its dynamical principles, and the specific challenges arising from its
structure, particularly in the context of its non-local dynamics.

2.1 Formalism of Bohmian Mechanics

In BM, the quantum state of a system is described by two fundamental components: the wave
function ¥ (q, t), which evolves according to the Schrédinger equation, and the actual positions
of particles q;(t), which follow deterministic trajectories. The wave function evolves unitarily
via the time-dependent Schrodinger equation:
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where H is the Hamiltonian, typically including kinetic and potential energy terms, and A is
the reduced Planck constant. The wave function ¥(q,t), defined over the configuration space
of the system’s particles, is expressed in polar form as ¢ = |w|ei5/ " where |¢| is the amplitude
and S is the phase.

The particle positions q; evolve according to the guidance equation, which specifies their
velocities based on the wave function’s phase:
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where m; is the mass of the i-th particle, and V;.S is the gradient of the phase S with respect to
the coordinates of the i-th particle. This equation ensures that particle motion is deterministic,
with the wave function acting as a guiding field that determines the trajectories. The guid-

ance equation can also be expressed in terms of the probability current, as v; = h Im (V Jﬁ)

highlighting its dependence on the wave function’s structure.

To reproduce the statistical predictions of quantum mechanics, BM employs the quantum
equilibrium hypothesis, which states that the initial positions of particles are distributed ac-
cording to the Born rule, P(q,t) = |1(q,t)|?, in a specific reference frame [I]. This distribution
is preserved over time due to the continuity equation for the probability density, ensuring that
BM'’s predictions for measurement outcomes match those of standard quantum mechanics in
the quantum equilibrium regime. For example, in a double-slit experiment, the interference
pattern arises because particle trajectories are guided by the wave function’s interference, with
their statistical distribution governed by |¢|%.



2.2 Non-Locality in Bohmian Mechanics

A hallmark of BM is its non-local dynamics, arising because the velocity of each particle depends
on the configuration of all particles, regardless of their spatial separation. For an entangled sys-
tem, such as two particles in a singlet state, the guidance equation for one particle’s velocity
involves the position of the other particle. This non-locality is evident in the EPR-Bohm exper-
iment (Section , where the measurement outcome for one particle instantaneously influences
the trajectory of the other, consistent with quantum mechanics’ violation of Bell inequalities.

While this non-locality is consistent with quantum mechanics’ violation of Bell inequalities,
it requires a specific reference frame to define the temporal order of events, as the particle
configuration must be evaluated at a specific time to compute particle velocities. In non-
relativistic BM, this frame is typically the laboratory frame, and the non-local interactions are
not experimentally distinguishable from standard quantum correlations. However, in relativistic
settings, the choice of a preferred frame becomes critical, as it determines the simultaneity of
events across spacelike-separated regions, affecting the dynamics of entangled systems.

2.3 Strengths and Challenges of Bohmian Mechanics

BM offers several conceptual advantages as a realist interpretation of quantum mechanics. By
positing definite particle positions, it provides a clear ontology, avoiding the ambiguity of wave
function collapse and the observer-dependent reality of interpretations like the Copenhagen
interpretation. The deterministic nature of particle trajectories resolves the measurement prob-
lem, as outcomes are determined by the particles’ initial positions and the wave function’s
evolution, without requiring external observers or non-unitary processes. The quantum equilib-
rium hypothesis ensures empirical equivalence with standard quantum mechanics, making BM
a viable alternative for explaining quantum phenomena, from interference patterns to entangle-
ment correlations [0].

Despite these strengths, extending BM to relativistic contexts faces significant challenges
due to the requirements of special relativity (SR), which demands Lorentz invariance of physical
laws. Relativistic extensions of BM, such as those proposed by Diirr et al. [2], attempt to
reconcile the theory with SR by formulating dynamics relative to a specific Lorentz frame or
spacetime foliation. However, the choice of a preferred frame or a privileged foliation introduces
an element of arbitrariness, as no physical principle dictates which frame or foliation should be
preferred or privileged. In non-relativistic settings, the preferred frame’s arbitrariness is less
consequential, as predictions align with experiments regardless of the frame choice. However,
in relativistic contexts, the preferred frame introduces theoretical inconsistencies. The frame’s
arbitrary selection lacks physical justification, as BM provides no dynamical or empirical basis
for choosing one Lorentz frame over others [6]. This undermines BM’s claim to be a fundamental
theory, as a complete physical theory should specify its core components through observable or
dynamical principles. This arbitrariness is particularly problematic in scenarios where the frame
choice affects physical predictions, such as in the proposed EPR-Bohm experiment (Section |3)),
where intermediate statistics depend on the temporal order of measurements.

In summary, BM provides a deterministic, realist framework for quantum mechanics, with
a clear ontology of particle positions guided by the wave function. Its formalism, based on
the Schrodinger equation, guidance equation, and quantum equilibrium hypothesis, ensures
empirical equivalence with standard quantum mechanics. However, its non-local dynamics and
reliance on a preferred reference frame introduce challenges, particularly in relativistic contexts,
where the frame’s arbitrariness and conflict with SR become significant. These issues set the
stage for the analysis of BM’s dynamics in the EPR-Bohm experiment (Section and the
critique of its theoretical structure (Section [f]).



3 EPR-Bohm Experiment with Reversible Measurements

The EPR-Bohm experiment with reversible measurements, described in this Section, is designed
to probe the implications of BM’s preferred frame by examining how it affects intermediate
measurement statistics [4]. Unlike Bell tests, where the preferred frame’s role is masked by
frame-invariant final outcomes, this experiment reveals that the Born rule’s application in the
preferred frame determines whether Alice’s intermediate statistics are random or deterministic.
This frame-dependent behavior highlights BM’s unique reliance on a preferred frame, which is
not required in other interpretations like the Many-Worlds Interpretation (MWTI) or single-world
Lorentz-invariant quantum theories (SLIQTS) such as QBism.

3.1 Experimental Setup and Analysis

Consider two spin-1/2 particles, labeled 1 and 2, prepared in the singlet state:
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where |1,) and ||.) are spin-up and spin-down eigenstates along the z-axis. Alice measures
particle 1, and Bob measures particle 2, along the z-axis at spacelike-separated locations, en-
suring no causal influence between measurements. Their apparatuses start in the “ready” state,
denoted [ready) , and |ready) 5, with device readings “0” (spin up, +1) or “1” (spin down, —1).
A superobserver can apply unitary operations to reverse Alice’s measurements, restoring the
system to its initial quantum state, which is permitted in principle in unitary quantum theories
like BM.

We analyze the experiment in two Lorentz frames, differing in the temporal order of mea-
surements:

e Frame A: Alice performs multiple measurements on particle 1, each followed by a super-
observer’s reversal, before Bob measures particle 2.

e Frame B: Bob measures particle 2 first, then Alice performs multiple measurements on
particle 1, each followed by a reversal.

The initial state is:
|Wo) = [1) [ready) 4 |ready) 5 -

We assume that the Born rule is valid in both frames.

Frame A: Alice Measures First

In Frame A, Alice performs a sequence of N measurements, each reversed by the superobserver,
before Bob’s measurement:

1. Alice’s Measurement Cycle: For the k-th measurement (k = 1,..., N), Alice measures
particle 1’s spin along the z-axis, entangling it with her apparatus via a unitary operator
Ug:

1
Ual) |ready>A ‘ready)B = E (‘Tz>1 |¢z>2 |Tz>,4 - |¢z>1 |Tz>2 |Jrz>A) |ready>B .

The apparatus states [1,) 4 and ||.) 4 correspond to readings “0” and “1.”

2. Superobserver’s Reversal: After each measurement, the superobserver applies UL,
restoring the system to:

ULUa4 [¢) [ready) , |ready) 5 = [¢) [ready) , |ready) .

This cycle repeats N times, generating a sequence of N outcomes.



3. Bob’s Measurement: After Alice’s NV measurements and reversals, Bob measures par-
ticle 2 along the z-axis, entangling it with his apparatus:
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Each of Alice’s measurements is independent due to the restoration of the singlet state |¢)). The
Born rule predicts random outcomes:

|Wa) =

1

5

yielding a statistical distribution of device readings “0” and “1” that is approximately balanced
over large N.

P(+1) = P(~1) =

Frame B: Bob Measures First

In Frame B, the measurement order reverses:
1. Bob’s Measurement: Bob measures particle 2 along the z-axis, entangling it with his
apparatus:
1 B
) Iready) g Irendy) s > —= (1)1 2)y ) = 4]y (1213 1)) Irendy) = [0

2. Alice’s Measurement Cycle: Alice performs N measurements on particle 1, each fol-
lowed by a superobserver’s reversal. For the k-th measurement, Alice entangles particle 1
with her apparatus:

1
V2

The superobserver applies UL, restoring the system to }\Iﬂf > This cycle repeats N times.

o7 —
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3. Final State: After N measurements and reversals, the state remains:
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Conditioned on Bob measuring +1 (||..) ), each of Alice’s measurements yields a deterministic
outcome due to the singlet state’s anti-correlation:

P(=1)=1, P(+1)=0,

|¥p) =

resulting in IV identical device readings “1.” If Bob measures —1 (|1.) ), Alice’s outcomes are
+1 (readings “0”).

3.2 Frame-Dependent Statistics

The final wave functions in both frames are identical (|¥4) = |¥p)), indicating a consistent
global quantum state. However, Alice’s measurement statistics differ:

e Frame A: Alice’s N measurements produce random outcomes (P(+1) = 1/2), with device
readings “0” and “1” approximately balanced.

e Frame B: Conditioned on Bob’s outcome (e.g., +1), Alice’s N measurements produce
deterministic outcomes (e.g., P(—1) = 1), with all readings “1.”

This discrepancy arises from the universality of the Born rule, as well as the differing temporal
order of measurements, which alters the entanglement structure before Alice’s measurement
cycles. In Frame A, the singlet state is restored each cycle, yielding randomness. In Frame B,
Bob’s measurement fixes particle 1’s state, enforcing deterministic outcomes.



3.3 Role of the Superobserver

The superobserver’s unitary reversal (U,D disentangles Alice’s apparatus after each measure-
ment, restoring the system’s quantum state. For a macroscopic apparatus, exact reversal is
theoretically possible in BM but practically complex due to numerous microscopic degrees of
freedom. BM’s unitarity ensures that such reversals enable repeated measurements to probe sta-
tistical properties. The no-signaling theorem ensures that Bob’s measurement cannot influence
the quantum state in a way that enables superluminal communication, as Alice’s outcomes are
erased by the superobserver’s reversals, and the statistics exist only as theoretical predictions.

4 Bohmian Mechanics’ Analysis

In BM, the dynamics are governed by the guidance equation, which dictates the evolution of
particle positions:

P = = —V;5, 4
v dt mzv ( )

where S is the phase of the wave function ¢ = |1|e*¥/", and the quantum equilibrium hypothesis
ensures that particle positions are distributed according to the Born rule, P = [1/|?, but only
in a preferred frame [6]. This preferred frame defines a global time order for the particle
configuration, critical for the deterministic evolution of particle trajectories. Unlike the Many-
Worlds Interpretation (MWI), which applies the Born rule universally across all frames, BM
restricts its validity to this preferred frame, leading to unique implications in the EPR-Bohm
experiment.

4.1 The Analysis

In the EPR-Bohm experiment (Section , the preferred frame determines the temporal order
of measurements, directly affecting Alice’s intermediate statistics. BM’s particle positions act
as hidden variables, guided by the wave function’s phase. The superobserver’s unitary reversal
(UL) restores the quantum state, but the hidden variables’ evolution depends on the preferred
frame’s time order.

Case 1: Preferred Frame Aligned with Frame A

If the preferred frame aligns with Frame A, where Alice measures particle 1 before Bob, the

singlet state: )
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has a symmetric wave function in configuration space. The guidance equation yields a velocity
field for particle 1’s position, determined by the phase S. During Alice’s measurement, the wave
function entangles with her apparatus:
1
Ua |1) [ready) 4 [ready) 5 = 7 (M) g (1204 = H2)y [T2)9 H2) 4) [ready) g -

The particle’s position, guided by V.S, determines the measurement outcome (e.g., spin up
or down) based on its location in configuration space. The quantum equilibrium hypothesis
ensures that, in the preferred frame, the probability of outcomes follows the Born rule:

P(+1) = % (5)

yielding random outcomes for Alice’s measurements. After each measurement, the superob-
server’s reversal restores the system to |1)) [ready) 4 [ready) ;. However, the macroscopic ap-
paratus’s hidden variables (e.g., particle positions within the apparatus) evolve dynamically



and interact with the environment. Due to BM’s contextuality, these hidden variables vary
across measurement cycles, resampling particle 1’s position each time, maintaining randomness
consistent with the Born rule.

In non-preferred frames (e.g., Frame B), the Born rule does not apply. If Frame B’s time
order (Bob measures first) is considered in a non-preferred frame, the wave function after Bob’s
measurement is:

1
V2

In BM, particle positions are still guided by the wave function in the preferred frame (Frame
A), not Frame B. Thus, Alice’s outcomes remain random, as the guidance equation follows
Frame A’s time order, violating the Born rule’s expected deterministic outcomes (P(—1) = 1)
in Frame B.

’\IJ?> = (|TZ>1 NZ>2 |¢Z>B - NZ>1 |TZ>2 |Tz>3) \ready)A.

Case 2: Preferred Frame Aligned with Frame B

If the preferred frame aligns with Frame B, Bob measures particle 2 first. The wave function

becomes: )

V2
Suppose Bob’s outcome is +1 (|].)z). The wave function’s branch [1.), [{2)5|{-) 5 [ready) 4
guides particle 1’s position to a configuration corresponding to spin down (]|.);). Alice’s sub-
sequent measurements, even after superobserver reversals, are influenced by this fixed configu-
ration. The guidance equation, determined by the preferred frame’s time order, ensures that
particle 1’s position consistently yields:

[P = — (|12); ey Had g — )y [T2)a [12) ) ready) , -

P(-=1)=1, P(+1)=0, (6)

producing deterministic outcomes for all N measurements. The superobserver’s reversal restores
the wave function to ‘\I/{B >, but the hidden variables’ deterministic evolution in the preferred
frame maintains the same outcome each cycle.

In non-preferred frames (e.g., Frame A), the Born rule’s random outcomes (P(£1) = 1/2)
are not guaranteed. The guidance equation, tied to Frame B’s time order, enforces deterministic
outcomes, violating the Born rule’s expected randomness in Frame A.

4.2 Key Role of the Preferred Frame

The preferred frame is pivotal in BM, as it determines the time order for the guidance equation,
directly affecting Alice’s statistics:

e Frame A as Preferred: Alice’s outcomes are random, consistent with the Born rule in
Frame A but violating it in Frame B, where deterministic outcomes are expected.

e Frame B as Preferred: Alice’s outcomes are deterministic, consistent with the Born
rule in Frame B but violating it in Frame A, where random outcomes are expected.

This frame dependence contrasts with Bell tests, where BM reproduces standard quantum
correlations (e.g., violations of Bell inequalities) regardless of the frame, as final statistics are
frame-invariant. In the EPR-Bohm experiment, the preferred frame’s role is critical, as it
dictates intermediate statistics, highlighting BM’s unique reliance on a specific Lorentz frame.



4.3 Violation of Born Rule in Non-Preferred Frames

BM'’s restriction of the Born rule to the preferred frame leads to its violation in other frames.
In standard quantum mechanics, the Born rule is universal, predicting consistent probabilities
across all Lorentz frames. In the EPR-Bohm experiment, the Born rule predicts:

e Frame A: P(+1) =1/2.
e Frame B: P(—1) = 1 if Bob measures +1.

In BM, only the preferred frame’s Born rule holds. If Frame A is preferred, Frame B’s de-
terministic probabilities are not reproduced, as particle positions follow Frame A’s guidance,
yielding random outcomes. Conversely, if Frame B is preferred, Frame A’s random probabilities
are violated, as deterministic outcomes persist. This violation underscores BM’s deficiency, as
it cannot consistently reproduce quantum mechanical predictions across all frames without an
arbitrary frame choice.

4.4 Implications for BM’s Dynamics

The preferred frame’s necessity arises from BM’s deterministic trajectories, which require a
global time order to define the particle configuration. Relativistic extensions of BM, such as
those using spacetime foliations [2], attempt to mitigate this by defining dynamics relative to a
preferred foliation. However, the EPR-Bohm experiment reveals that this choice fundamentally
alters physical predictions for intermediate statistics, unlike MWI, which accommodates all
frame-dependent outcomes in separate branches without privileging any frame.

5 Flaws of the Preferred Frame

BM’s reliance on a preferred frame introduces fundamental issues that undermine its status as
a complete physical theory. These flaws, revealed by the EPR-Bohm experiment (Section ,
highlight the preferred frame’s theoretical and empirical shortcomings.

5.1 Lack of Physical Justification for Frame Selection

The choice of the preferred frame in BM lacks a physical mechanism or empirical basis, render-
ing it an arbitrary construct [6]. In the EPR-Bohm experiment, the frame determines whether
Alice’s statistics are random (Frame A) or deterministic (Frame B), yet BM provides no princi-
ple—such as a dynamical law or symmetry—to select one Lorentz frame over others. This arbi-
trariness is problematic because a fundamental theory should specify its core elements through
physical processes or observable phenomena. For example, in classical mechanics, reference
frames are tied to physical systems (e.g., the Earth’s surface), whereas BM’s preferred frame
is a theoretical assumption without grounding in measurable properties. This lack of justifi-
cation weakens BM’s claim to fundamentality, as it relies on an ad hoc choice that cannot be
empirically validated.

5.2 Incompatibility with Special Relativity

The preferred frame violates the principle of special relativity (SR) that all Lorentz frames
are equivalent for describing physical laws. In SR, physical predictions, including probabilities,
must be consistent across all inertial frames. In the EPR-Bohm experiment, the preferred frame
dictates Alice’s measurement outcomes, producing different statistics depending on whether
Frame A or Frame B is chosen. For instance, if Frame A is preferred, Alice’s outcomes are
random (P(£1) = 1/2), but if Frame B is preferred, they are deterministic (P(—1) = 1). This
frame-dependent physics contradicts SR’s requirement that physical laws, including statistical



predictions, remain invariant. While BM’s final outcomes in Bell tests are Lorentz-invariant,
the intermediate statistics in the EPR-Bohm experiment expose a fundamental conflict with
SR, as the preferred frame privileges one frame’s dynamics over others.

5.3 Empirical Unobservability and Lack of Detectability

The preferred frame in Bohmian Mechanics (BM) is empirically undetectable, as no experiment
can identify which Lorentz frame is preferred, given that BM’s predictions for final outcomes
remain Lorentz-invariant [2]. In the EPR-Bohm experiment (Section [3), the preferred frame
determines Alice’s intermediate statistics—random in Frame A (P(£1) = 1/2) or deterministic
in Frame B (e.g., P(—1) = 1)—yet these statistics are erased by the superobserver’s unitary
reversals, rendering the frame’s influence inaccessible. Even in principle, BM provides no ex-
perimental protocol to distinguish the preferred frame, as its role is masked by the quantum
equilibrium hypothesis, which ensures standard quantum predictions for observable correla-
tions [6]. This unobservability, both ontological and predictive, renders the preferred frame a
metaphysical construct, undermining BM’s empirical adequacy as a fundamental theory.

The unobservability of the preferred frame differs from that of Bohmian particle trajecto-
ries, which are the definite positions of particles guided by the wave function’s phase via the
guidance equation. Particle trajectories, as hidden variables, are unobservable due to the uncer-
tainty principle and the no-signaling theorem, which prevent tracking individual paths without
disrupting the quantum state. For instance, in a double-slit experiment, the interference pat-
tern is governed by |¢|?, and trajectories cannot be inferred without altering the wave function.
This unobservability is primarily ontological, as trajectories are a core component of BM’s de-
terministic framework, indirectly influencing measurement outcomes by guiding particles into
wave function branches, yet producing no unique empirical signatures beyond the Born rule’s
predictions.

In contrast, the preferred frame’s unobservability is a global, structural flaw. Ontologi-
cally, it is a non-physical, arbitrarily chosen reference frame lacking measurable properties or
dynamical justification, shaping the temporal order for all particle dynamics. Predictively,
it directly affects intermediate statistics in the EPR-Bohm experiment, but these effects are
not empirically accessible due to the reversals and Lorentz-invariant final outcomes. Unlike
trajectories, whose unobservability is a designed feature consistent with BM’s empirical agree-
ment, the preferred frame’s inaccessibility introduces a theoretical deficiency, as it relies on an
untestable construct that cannot be integrated into a physical ontology. A fundamental theory
should provide testable predictions for its core components, yet the preferred frame remains an
unobservable assumption, exacerbating BM’s fundamental deficiency.

5.4 Restriction of Born Rule to a Single Frame

BM restricts the Born rule’s validity to the preferred frame, deviating from the standard quan-
tum mechanical assumption that probabilities P = |¢|? apply universally across all Lorentz
frames. In the EPR-Bohm experiment, the Born rule predicts random outcomes (P(+1) = 1/2)
in Frame A and deterministic outcomes (e.g., P(—1) = 1) in Frame B. If Frame A is preferred,
BM reproduces the Born rule in Frame A but fails to produce the deterministic outcomes ex-
pected in Frame B, violating the Born rule’s universality. Conversely, if Frame B is preferred,
the random outcomes in Frame A are not reproduced. This restriction introduces a theoretical
inconsistency, as it deviates from the Lorentz-invariant application of the Born rule in standard
quantum mechanics and other interpretations like MWI. This flaw limits BM’s ability to provide
a coherent probabilistic framework across all frames.
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5.5 Predictive Dependence on an Unspecified Frame

BM'’s predictive power is compromised because it cannot determine Alice’s intermediate statis-
tics without specifying the preferred frame. In the EPR-Bohm experiment, the statistics depend
on whether Frame A or Frame B is chosen as the preferred frame, yet BM does not provide a
method to identify this frame a priori. This dependence contrasts with other quantum theo-
ries, such as MWI, which predict consistent probabilities across frames by distributing outcomes
across branches. For example, without knowing the preferred frame, BM cannot predict whether
Alice’s outcomes will be random or deterministic, rendering it deficient as a predictive theory.
This limitation is particularly stark in relativistic contexts, where the choice of frame signifi-
cantly alters physical predictions, unlike in non-relativistic BM, where the frame’s role is implicit
and less consequential.

5.6 Non-Physical Nature of the Preferred Frame

In BM, the preferred frame is non-physical, lacking the attributes of a physical entity, such
as measurable properties or dynamical grounding within the theory. Unlike physical entities,
like particles with mass or fields with energy, the preferred frame is an abstract Lorentz frame,
selected to define the guidance equation’s time order, without properties or a dynamical origin.
The wave equation is frame-independent, and no physical law in BM determines the frame,
making it a theoretical construct, not a physical component [6].

In MWI, Lorentz frames also lack physical properties but are neutral, equivalent coordinate
choices, with physics invariant across all frames. BM’s preferred frame, however, is privileged,
shaping dynamics without physical justification, unlike MWI’s unprivileged frames. This non-
physical ontology undermines BM’s claim to a complete physical theory, as its core element
exists only as a formal assumption.

5.7 Lack of Dynamical Integration with Wave Function Evolution

The preferred frame is not dynamically coupled to the wave function’s evolution, which is gov-
erned by the Schrodinger equation in a frame-independent manner. In BM, the guidance equa-
tion relies on the preferred frame to define particle trajectories, but the Schrodinger equation
itself does not require or specify a preferred frame [6]. This disconnect creates a theoreti-
cal inconsistency, as the wave function evolves unitarily across all frames, while the particle
dynamics depend on an arbitrarily chosen frame. In the EPR-Bohm experiment, the wave
function’s evolution remains consistent (|¥4) = |¥p)), yet the particle trajectories—and thus
Alice’s statistics—depend on the preferred frame’s time order. This lack of integration between
the wave function and the preferred frame’s dynamics further highlights BM’s deficiency, as a
complete theory should provide a unified framework for all its components.

6 Analysis of Foliation-Based Relativistic Models

Foliation-based relativistic models for Bohmian Mechanics (BM) seek to mitigate the preferred
frame’s flaws by extracting a spacetime foliation .# covariantly from the wave function 1, aiming
for Lorentz invariance [2]. Despite this innovation, the approach retains core deficiencies: the
foliation’s non-physical and arbitrary nature, empirical undetectability, conflict with relativity,
restriction of the Born rule, and dynamical unspecifiability. Without a unique, empirically
grounded mechanism to define .%, these models remain formal constructs, failing to resolve
BM’s foundational issues. This section analyzes the model’s formulation and its persistent
flaws, with reference to the EPR-Bohm experiment’s frame-dependent statistics.
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6.1 Formulation of the Model

The model defines BM dynamics in Minkowski spacetime using a foliation .%# derived from ).
For N Dirac particles, ¥ (x1, ...,z x), a multi-time spinor, satisfies Dirac equations, and particle
trajectories follow a guidance equation tied to .#’s spacelike hypersurfaces [2]. The foliation is
extracted from covariant QFT tensors, such as the energy-momentum tensor T, yielding a
four-momentum P* defining hyperplanes, or the charge current J#, if integrable. The guidance
equation uses a covariant velocity field, ensuring deterministic motion [6]. While this ties .#
to v, the approach introduces deficiencies that mirror the preferred frame’s flaws, as examined
below.

6.2 Non-Physical and Arbitrary Structure

The extracted foliation is a geometrical construct without dynamical coupling to measurable
quantities, lacking a fundamental law to justify tensor selection (e.g., T+, J") for defining
simultaneity [2]. This selection is as arbitrary as the preferred frame’s choice, offering no princi-
pled basis for privileging one tensor. Using P* to define a universal rest frame is equally ad hoc,
imposing a preferred structure without physical grounding. In the EPR-Bohm experiment, this
arbitrariness affects the hypersurfaces determining Alice’s statistics, undermining the model’s
claim to resolve BM’s foundational arbitrariness (Section [5)).

6.3 Empirical Undetectability

The foliation remains empirically undetectable, as all tensor choices yield identical quantum
predictions, masking .#’s structure [2]. In the EPR-Bohm experiment, the foliation’s role in
ordering measurements is unobservable, as final correlations align with standard quantum me-
chanics. This renders the foliation metaphysical, akin to the preferred frame’s unobservability,
with no experimental protocol to distinguish its tensorial origin, reinforcing its theoretical rather
than physical status.

6.4 Conflict with Relativity

Despite covariance, the foliation privileges a class of hypersurfaces, breaking special relativity’s
frame equivalence. The model’s foliation, though Lorentz-invariant, feels “un-relativistic” by
introducing a dynamical spacetime decomposition absent in standard QFT [2]. In the EPR-
Bohm experiment, frame-dependent statistics tied to .#’s hypersurfaces highlight this tension,
challenging the model’s relativistic compatibility.

6.5 Restriction of the Born Rule

Quantum equilibrium, defined by a distribution p¥ proportional to the foliation’s current, holds
only on .%#’s hypersurfaces, deviating from || elsewhere. In the EPR-Bohm experiment, this
restricts the Born rule’s universality, as Alice’s statistics vary by hypersurface, contradicting
standard quantum mechanics’ frame-independent probabilities [6]. While final predictions re-
main consistent, this frame dependence underscores the model’s failure to resolve BM’s Born
rule limitations.

6.6 Dynamical Unspecifiability

No unique law governs % (1), and non-integrable tensors like J# may fail to define a foliation,
requiring ad hoc adjustments that risk breaking timelike consistency [2]. This unspecifiabil-
ity undermines the model’s robustness, as the foliation’s existence depends on 1’s properties,
introducing predictive uncertainties. In the EPR-Bohm experiment, such ambiguities affect
statistical outcomes, highlighting the model’s incomplete dynamical framework.
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6.7 Non-Locality and Configuration Dependence

The model preserves BM’s non-locality, as a particle’s velocity on a hypersurface ¥ € .% depends
on the positions of all other particles on ¥ [2]. The guidance equation defines the velocity via
the configuration (X7,..., X% ), reflecting entangled wave function coupling [6]. In the EPR-
Bohm experiment, Alice’s particle velocity is influenced by Bob’s distant position, determined
by .%#’s hypersurface, perpetuating frame-dependent statistics. The vector-field generalization,
using surfaces 3, retains this configuration dependence [2]. This non-locality exacerbates
the model’s conflict with relativity, as simultaneous configuration reliance undermines frame
equivalence.

6.8 Implications for BM

Foliation-based models improve BM’s relativistic formulation but fail to address foundational
flaws, retaining arbitrary, unobservable, unrelativistic, and non-local structures [2]. The EPR-
Bohm experiment exposes these deficiencies, as frame-dependent statistics and non-locality
persist. Without a unique, empirically supported mechanism for .%#, BM’s deterministic ontol-
ogy remains problematic. Future research must develop dynamics free of preferred structures,
contributing to quantum foundations by highlighting the challenges of reconciling realism, non-
locality, and relativity.

7 Preferred Frame Problem of Collapse Theories

Collapse theories, such as the Ghirardi-Rimini-Weber (GRW) model and Continuous Spon-
taneous Localization (CSL), introduce stochastic mechanisms to localize the wave function,
ensuring definite outcomes without observer-dependent collapse [5]. However, in relativistic
contexts, these theories require a preferred frame or spacetime foliation to define the simul-
taneity of collapse events, particularly for entangled systems across spacelike-separated regions,
analogous to BM’s preferred frame for particle trajectories. The main flaws identified for BM’s
preferred frame—arbitrariness, conflict with special relativity (SR), empirical unobservability,
restriction of the Born rule, non-physical nature, and lack of dynamical integration—also apply
to collapse theories, undermining their theoretical consistency.

e Lack of Physical Justification: In collapse theories, the preferred frame is arbitrarily
chosen to specify the hypersurface on which collapse events occur, without a physical law
or empirical basis to privilege one Lorentz frame over others. For example, in GRW, spon-
taneous localizations occur at random spacetime points, but relativistic extensions require
a frame to define simultaneity for entangled systems, as in the EPR-Bohm experiment.
No principle, such as a symmetry or dynamical process, justifies this choice, rendering the
frame as arbitrary as in BM.

e Incompatibility with Special Relativity: The preferred frame in collapse theories
violates SR’s principle of frame equivalence, as collapse dynamics depend on a privileged
frame’s temporal order. This conflicts with SR’s requirement that physical laws, including
statistical outcomes, remain invariant across all Lorentz frames, mirroring BM’s incom-
patibility.

e Empirical Unobservability: The preferred frame in collapse theories is empirically un-
detectable, as final statistical predictions align with standard quantum mechanics, masking
the frame’s role. No experiment can identify the frame defining collapse simultaneity. This
unobservability, like BM’s, renders the frame a metaphysical construct, lacking empirical
grounding.
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e Restriction of Born Rule: Collapse theories restrict the Born rule’s validity to the
preferred frame’s hypersurfaces, where post-collapse probabilities align with p = [¢|2.
In non-preferred frames, the expected probabilities may not hold, deviating from the
universal applicability of the Born rule in standard quantum mechanics. This restriction
parallels BM’s limitation and introduces theoretical inconsistency.

e Non-Physical Nature: The preferred frame in collapse theories is a non-physical con-
struct, lacking measurable properties or a dynamical origin within the theory. Unlike
physical entities (e.g., the stochastic field w(¢,x) in CSL), the frame is an abstract refer-
ence for collapse simultaneity, without integration into the theory’s ontology. This mirrors
BM’s non-physical frame, undermining claims to a complete physical theory.

e Lack of Dynamical Integration: The preferred frame is not dynamically coupled to
the wave function’s evolution or collapse mechanism. In GRW, localization events are
governed by the frame-independent wave function, while in CSL, the stochastic field oper-
ates independently of a specific frame. The frame’s role in defining collapse simultaneity
is disconnected from the stochastic dynamics, creating a theoretical disconnect similar to
BM’s guidance equation.

These shared flaws highlight a fundamental challenge for single-world quantum theories
relying on a preferred frame. In collapse theories, the frame’s necessity arises from the need
to define non-local collapse events, just as BM requires a frame for non-local particle guidance.
These theories, like BM, struggle to reconcile their realist ontology with relativistic constraints,
reinforcing the preferred frame problem’s severity.

8 Comparison with Other Quantum Theories

SLIQTs, such as QBism, assume the Born rule’s universal applicability, leading to a contra-
diction in the EPR-Bohm experiment, as frame-dependent statistics (random vs. determin-
istic) imply incompatible single-world realities [4]. BM avoids this by restricting the Born
rule, but its flaws render it deficient. MWI, by contrast, distributes frame-dependent out-
comes across observer-specific branches, preserving unitarity and Lorentz invariance without
a preferred frame [7, [8]. MWT’s ability to accommodate all frame-dependent realities without
arbitrary constructs highlights its potential as a more complete quantum ontology compared to
BM.

9 Conclusions

This paper demonstrates that Bohmian Mechanics (BM) faces a fundamental deficiency due to
its reliance on a preferred Lorentz frame, a flaw illuminated by the novel EPR-Bohm experiment
with reversible measurements. Unlike Bell tests, where BM aligns with standard quantum
predictions regardless of frame, this experiment reveals that the preferred frame dictates whether
intermediate measurement statistics are random or deterministic, exposing critical theoretical
shortcomings. The preferred frame’s arbitrary selection, empirical inaccessibility, conflict with
special relativity, and non-physical status challenge BM’s coherence as a deterministic, realist
quantum theory. Collapse theories, such as GRW and CSL, which require a preferred frame to
define non-local collapse events, share analogous deficiencies.

These findings underscore the difficulty of reconciling single-world quantum theories, includ-
ing BM and collapse models, with relativistic principles, particularly the equivalence of Lorentz
frames. The preferred frame’s necessity introduces inconsistencies that limit their ability to
provide a universal account of quantum phenomena, raising questions about their viability as
fundamental theories. Future research could explore whether relativistic extensions of these
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theories, such as those using spacetime foliations, can mitigate these issues by eliminating the
need for a privileged frame. Alternatively, the challenges posed by frame dependence highlight
the need for quantum theories to develop ontologies that maintain consistency across all iner-
tial frames, ensuring both empirical adequacy and theoretical robustness. This analysis of the
preferred frame problem contributes to the broader discourse on the foundations of quantum
mechanics, emphasizing the importance of addressing relativistic constraints in realist interpre-
tations.
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