Collapse of the Wave Function: Irreversibility as a Fundamental
Dynamical Principle

Abderrahim Lyoubi-Idrissi

January 16, 2026

Abstract

The collapse of the wave function remains one of the deepest puzzles in quantum mechanics.
The Schrodinger equation is unitary and time-reversal symmetric, yet measurement requires
an additional postulate that is neither—and we have no physical explanation for why. Existing
interpretations either deny that collapse is real (Many-Worlds), treat it as purely subjective
(QBism), or add stochastic noise by hand without deriving it from fundamental principles
(GRW, CSL).

We demonstrate that collapse is a real physical process requiring fundamentally irreversible
dynamics. No purely unitary, time-symmetric theory can account for the objective suppression
of macroscopic superpositions—irreversibility must be built into the dynamics from the start.
We introduce a minimal extension of quantum mechanics through coupling to a universal
scalar field (the I-field) governed by an explicit time-asymmetric field equation. Collapse
emerges objectively through deterministic dissipative dynamics, with no reference to observers,
measurement devices, or stochastic noise.

By integrating out the I-field degrees of freedom, we derive effective Lindblad dynamics
for quantum systems. The collapse rate scales quadratically with system mass, ensuring
microscopic quantum coherence remains intact while macroscopic superpositions are dy-
namically suppressed. Unlike stochastic collapse models (GRW/CSL), the mechanism is
deterministic and produces no spontaneous heating. Unlike gravitational collapse proposals
(Didsi-Penrose), it provides explicit field equations rather than heuristic arguments. Unlike
environmental decoherence, the irreversibility is fundamental rather than effective.

The theory respects relativistic causality and makes testable predictions for current
and near-future experiments in matter-wave interferometry, optomechanical systems, and
molecular interferometry. Observation of mass-dependent decoherence without accompanying
stochastic heating would provide strong evidence for the I-field mechanism. The framework
establishes irreversibility as a fundamental interaction rather than an emergent phenomenon,
providing a unified physical origin for both wave function collapse and the quantum arrow of
time.
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1 Introduction

Quantum mechanics is governed by a remarkably simple and powerful dynamical law: the
Schrodinger equation. This equation provides linear, deterministic, and unitary time evolution
for the quantum state. In the absence of measurements, all physical systems—microscopic or
macroscopic—are described by a state vector |i(t)) evolving according to

L d A
i [b(t)) = H[y(t), (1)

where H is the Hamiltonian operator. This evolution preserves inner products, probabilities,
and entropy, and is invariant under time reversal.

But the empirical success of quantum mechanics rests on an additional rule: the projection
postulate. When a measurement is performed, the quantum state collapses discontinuously into
one of the eigenstates of the measured observable, with probabilities given by the Born rule.
This collapse is non-unitary, stochastic, and irreversible. Crucially, it’s not derived from the
Schrodinger dynamics—it’s imposed as an independent postulate.

This dual structure—unitary evolution punctuated by non-unitary collapse—is the measurement
problem. The theory contains two fundamentally different kinds of time evolution without any
physical criterion for when one applies rather than the other. As von Neumann [1] emphasized
early on, and Wigner [2] later reinforced, this division isn’t just a practical approximation. It’s
a structural inconsistency at the foundations of the theory.

One natural response has been to ask whether collapse is only apparent. Decoherence theory,
pioneered by Zeh [3] and developed extensively by Zurek [4, 5], demonstrates that environmental
entanglement rapidly suppresses interference terms in the reduced density matrix of macroscopic
systems. This effectively selects a preferred basis and explains why superpositions become
unobservable in practice. But decoherence doesn’t explain why a single outcome is actually
realized. The global quantum state remains a superposition—decoherence just hides it from
view. As Zeh [6] himself later clarified, decoherence solves the preferred basis problem but not
the outcome problem.

Interpretations that deny collapse altogether, like the Many-Worlds interpretation [7] , preserve
unitarity at the cost of proliferating non-interacting branches of reality. While mathematically
consistent, this approach shifts the problem from dynamics to ontology. It provides no dynamical
account of outcome selection, and from an experimental standpoint, it leaves unanswered why
macroscopic superpositions are never observed as physical states. Schrodinger’s cat is never seen
in both states simultaneously, regardless of how carefully we isolate the system.

These interpretational approaches, while internally consistent, leave a crucial question unanswered:
can standard unitary quantum mechanics, even in principle, account for definite measurement
outcomes? If the fundamental dynamics is linear, norm-preserving, and time-reversal invariant,



is collapse a possible consequence or a structural impossibility? This question is not merely
philosophical—it determines whether modifying quantum mechanics is necessary or merely
convenient.

This paper develops a fundamentally different approach. Rather than treating collapse as an
exceptional process associated with measurement, we ask whether the assumption of universal
unitarity is itself an idealization. If quantum systems are fundamentally subject to irreversible
dynamics at a basic level, then collapse may emerge as a physical process rather than a postulate.

We show that objective wave function collapse arises naturally from coupling to a universal
scalar field—the I-field—that breaks time-reversal symmetry at the fundamental level. This
coupling introduces dissipative terms into the quantum dynamics, causing superpositions to
decay with a rate proportional to the system’s mass squared. The framework reproduces
standard quantum mechanics in the microscopic regime while naturally suppressing macroscopic
superpositions. Collapse emerges from the field equations themselves, with no reference to
observers, consciousness, or measurement devices.

The argument proceeds in three stages. First, we establish that strictly unitary dynamics cannot
produce genuine collapse (Section 2), demonstrating that modification of quantum mechanics is
necessary rather than optional. Second, we identify the minimal dynamical ingredients required
for any consistent collapse theory (Sections 3-4). Third, we introduce the I-field framework,
derive its physical consequences, and identify experimental tests (Sections 5-9). The central
claim is that irreversibility must be fundamental, not emergent—encoded in the field equations
rather than arising from statistical approximations or environmental coupling.

2 Why Unitary Quantum Mechanics Cannot Produce Collapse

The defining feature of standard quantum dynamics is unitarity. Any closed quantum system
evolves according to a unitary time-evolution operator

(1) = Ult,to) [h(ty)), — UTU =1, (2)

generated by the Schrodinger equation. Unitarity guarantees conservation of probability, preser-
vation of inner products, and reversibility of the dynamics. These properties are essential for the
internal consistency of quantum mechanics, but they also impose severe structural constraints.

Consider a system initially prepared in a superposition of orthogonal states,
) = eili). (3)
i

Under any unitary evolution, this superposition is preserved. The coefficients ¢; may change in
time, but linearity ensures that no component of the state vector can be dynamically eliminated.
No unitary operator can map a superposition onto a single eigenstate. Collapse, understood as

the physical reduction
> eliy — k), (4)
i
is therefore incompatible with unitary time evolution.

This incompatibility persists even when measurement devices and environments are included in
the quantum description. Let a system S interact with a measuring apparatus A, initially in a
ready state |A,). Unitary evolution yields

(Zcims) [Ag) — ZQ|¢>S|A¢>A, (5)

%
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an entangled superposition of system—apparatus states. Decoherence theory, developed by Zeh
[3] and extensively studied in later work [6, 5], shows that environmental interactions rapidly
suppress interference terms in the reduced density matrix of S + A, effectively diagonalizing it in
a preferred basis. However, the global state remains a pure superposition. Decoherence explains
why we cannot observe interference, but not why individual measurements yield single definite
outcomes rather than leaving the universe in a superposition of all possibilities.

This isn’t an artifact of practical limitations—it’s a consequence of the mathematical structure
of quantum theory. Linearity implies that superpositions of solutions are themselves solutions.
Norm preservation forbids irreversible state reduction. Time-reversal invariance ensures that any
evolution that appears to destroy information can, in principle, be reversed. As von Neumann
emphasized, and as later analyses of the measurement chain have confirmed, extending the
quantum description to ever larger systems merely displaces the problem. It never resolves it.

Interpretations that deny physical collapse, such as the Many-Worlds interpretation, accept this
conclusion and maintain unitarity at all scales. While internally consistent, such approaches
replace the dynamical problem of collapse with an ontological multiplication of outcomes. From
the perspective of dynamics alone, they confirm the central point: collapse cannot occur
within strictly unitary quantum mechanics.

As a structural consequence of unitarity: any theory whose fundamental dynamics is linear,
unitary, and time-reversal invariant cannot account for the observed absence of macroscopic
superpositions as a physical fact. Genuine collapse requires at least one of these properties to be
abandoned. This conclusion underlies all objective collapse models—GRW [8] breaks unitarity
through stochastic noise, Penrose [9] proposes gravitational breaking, and the I-field approach
breaks time-reversal symmetry through dissipative coupling. Bassi and Ghirardi [10] provide a
comprehensive review of these approaches.

The failure of unitary dynamics to produce collapse is not a technical gap but a structural
impossibility. If wave function collapse is a real physical process, its origin must lie outside the
framework of closed, reversible quantum systems. This observation provides the starting point
for introducing irreversible dynamics as a necessary ingredient of a consistent theory of state
reduction.

3 Irreversibility as a Necessary Dynamical Ingredient

The analysis of the previous section establishes that strictly unitary, linear, and time-reversal
invariant dynamics cannot produce genuine wave function collapse. If collapse is a real physical
process rather than an epistemic update, then at least one of these properties must be relaxed.

Three options present themselves: abandon linearity, abandon unitarity directly, or abandon time-
reversal symmetry. Abandoning linearity would fundamentally alter the superposition principle
itself, creating deeper conceptual problems. Abandoning unitarity without a clear dynamical
mechanism (as in stochastic collapse models) leaves the origin of non-unitarity unexplained.
Breaking time-reversal symmetry, by contrast, introduces irreversibility as a fundamental dy-
namical principle—a feature already present in macroscopic physics but absent from microscopic
quantum mechanics. This represents the minimal extension: quantum mechanics remains linear
and deterministic, but gains an intrinsic arrow of time.

Irreversibility is a well-established feature of physical reality. At the macroscopic level, it’s
encoded in the Second Law of Thermodynamics and the monotonic increase of entropy. This
irreversibility is usually regarded as emergent—arising from coarse-graining or statistical argu-
ments. But collapse plays a fundamentally different role. It doesn’t merely appear irreversible
for practical reasons; it’s irreversible in principle. Once a definite outcome is realized, the



pre-measurement superposition cannot be reconstructed, even with perfect information about
the environment.

This distinguishes collapse from decoherence. Decoherence produces effective irreversibility
only at the level of reduced descriptions. The global quantum state remains pure and evolves
reversibly. As Zurek [5] demonstrated, any apparent entropy increase is relational and can,
in principle, be undone by accessing environmental degrees of freedom. Collapse, by contrast,
entails an objective loss of information about the superposed alternatives. The irreversibility
required for collapse must therefore be fundamental rather than emergent.

From a dynamical perspective, irreversibility requires non-unitarity. This can be implemented in
several ways: through explicit dissipative terms in the equations of motion, through stochastic
elements, or through coupling to degrees of freedom that don’t evolve reversibly. Objective
collapse models take different approaches—the GRW model [8] and CSL theory [11] introduce
stochastic modifications of the Schrédinger equation, as reviewed comprehensively by Bassi and
Ghirardi [10].

Introducing irreversibility at a fundamental level doesn’t require internal inconsistency. In open
quantum systems, irreversible dynamics is described by completely positive, trace-preserving
maps and master equations of Lindblad form [12, 13]. While typically derived as effective
descriptions of environmental coupling, their mathematical structure shows that probability
conservation can coexist with non-unitary evolution. This demonstrates that irreversible dynamics
is mathematically consistent at a fundamental level.

Importantly, irreversibility provides a natural link between collapse and the arrow of time. The
measurement problem isn’t only about superposition—it’s about temporality. The transition
from possibility to definite outcome is inherently time-directed. Attempts to derive collapse from
time-symmetric laws face the same conceptual obstacles as deriving the thermodynamic arrow
from reversible microdynamics. In both cases, irreversibility can’t be an emergent afterthought.
It must be built into the fundamental dynamics.

These considerations motivate a concrete approach. Rather than modifying quantum mechanics
phenomenologically, we seek a minimal extension in which irreversible dynamics arises from a
fundamental dynamical principle. Such an extension must satisfy several requirements to be
empirically viable: it must reproduce standard quantum mechanics at small scales, suppress
macroscopic superpositions, preserve probability conservation, and respect causality. In the next
section, we identify these minimal requirements systematically before introducing the specific
mechanism through which they can be satisfied.

4 Minimal Requirements for Objective Collapse

If wave function collapse is a genuine physical process rather than an epistemic update or
emergent approximation, its dynamics must satisfy a set of minimal requirements. These follow
directly from empirical constraints and internal consistency, independent of any specific model.

4.1 Non-Unitarity and Time Asymmetry

Collapse dynamics must be fundamentally non-unitary. As shown in the previous section,
strictly unitary evolution preserves superpositions and cannot generate definite outcomes. Any
objective collapse mechanism must therefore deviate from unitary Schrédinger evolution. This
deviation must also break time-reversal symmetry—collapse converts superposed possibilities
into irreversible facts, defining a temporal direction.

Mathematically, the generator of time evolution cannot be purely Hamiltonian. The dynamics



must contain additional terms that induce dissipation, decoherence, or stochasticity at the level
of the wave function or density matrix. Such terms necessarily violate microscopic reversibility
and encode an intrinsic arrow of time.

4.2 Probability Conservation

Despite non-unitarity, collapse dynamics must preserve probabilistic consistency. The total
probability must remain normalized,

Tr(p(t)) =1, (6)

for all times. This strongly constrains admissible modifications. Objective collapse models
satisfy this either through stochastic wave function evolution or through completely positive,
trace-preserving dynamical maps [12, 13].

Any viable collapse theory must also reproduce the Born rule. Whether the Born rule is
postulated or emerges dynamically remains open, but empirical adequacy demands that outcome
frequencies agree with standard quantum statistics.

4.3 Mass-Dependent Suppression

A central requirement is scale selectivity. Collapse must be negligible for microscopic systems—
where quantum interference is abundantly observed—yet overwhelmingly strong for macroscopic
systems, which never exhibit stable superpositions.

This requires the collapse rate I'" to depend on system mass. The simplest and most natural
scaling is quadratic:
I oc m2. (7)

This ensures that microscopic dynamics remains effectively unitary while macroscopic super-
positions are dynamically suppressed. Mass-proportional scaling underlies all viable objective
collapse proposals, including GRW [8], the Diési-Penrose model [14, 9], and CSL [11], as reviewed
by Bassi and Ghirardi [10].

4.4 Relativistic Causality

Any modification of quantum mechanics must respect relativistic causality. Collapse dynamics
must not allow superluminal signaling. This severely restricts admissible nonlinearities and
stochastic terms. While fully relativistic collapse theories remain technically challenging, consis-
tency at the non-relativistic level already imposes strong constraints, as demonstrated by Gisin
[15].

Importantly, no-signaling doesn’t require strict locality of the collapse process, but it does require
that collapse-induced correlations cannot be controlled to transmit information faster than light.

4.5 Physical Origin of Irreversibility

Irreversibility shouldn’t be introduced as a purely formal modification. A satisfactory theory
should provide a physical origin for collapse dynamics. This may involve coupling to additional
degrees of freedom, effective openness, or interaction with a background structure that itself
carries an arrow of time.

Standard decoherence theory invokes environmental degrees of freedom but ultimately preserves
global unitarity. Objective collapse requires something stronger: interaction with a sector whose
dynamics is itself irreversible. Identifying such a sector is the central theoretical challenge and
provides a natural bridge between the measurement problem, thermodynamics, and cosmology.



4.6 Summary
These requirements define what any viable solution to the measurement problem must accomplish:

Non-unitary dynamics that breaks time-reversal symmetry
Probability conservation through completely positive maps
Mass-dependent suppression with I' o« m? scaling
Relativistic causality preventing superluminal signaling
Physical origin for irreversibility from fundamental dynamics

U e

Crucially, these requirements must be satisfied simultaneously. Stochastic models (GRW, CSL)
satisfy requirements 1-4 but leave requirement 5 unaddressed—the noise is postulated rather than
derived. Gravitational models address requirement 5 conceptually but lack explicit dynamics for
requirements 1-2. Environmental decoherence addresses requirement 3 but violates requirement
1 (global unitarity preserved).

In the next section, we show how these requirements can be satisfied through coupling to a
universal scalar field—the I-field—whose dynamics is fundamentally irreversible. The I-field
provides the missing ingredient: a physical degree of freedom that breaks time-reversal symmetry
at the level of the field equations, while preserving all other structural features of quantum
mechanics.

5 The I-Field: Irreversibility and Objective Collapse

5.1 The Central Postulate

We now introduce the central postulate of this work: the existence of an additional physical field,
the I-field I(z#), whose dynamics is fundamentally time-asymmetric. The I-field is not an effective
description of environmental degrees of freedom and cannot be derived from known interactions.
It’s postulated as a new dynamical sector required for a theory that simultaneously accommodates
quantum mechanics, irreversible phenomena, and objective measurement outcomes.

The motivation for introducing the I-field is structural necessity, not phenomenological fitting.
As argued in the preceding sections, any theory in which collapse is both physical and irreversible
must contain, at the fundamental level, a dynamical structure that is itself irreversible. Without
such a structure, all apparent irreversibility can in principle be reversed by embedding the
system into a larger unitary framework. The I-field is the minimal structure that provides this
irreversibility.

5.2 Field Equation

The I-field obeys the following fundamental equation, obtained by applying the Euler—
Lagrange—Rayleigh principle to a scalar field with intrinsic dissipation:

a7 + m%[ + bVE: + fyu”auf = _glgmatter (8)

Here: - O is the d’Alembert operator - m; is the I-field mass scale - A is the self-interaction
coupling - v > 0 is the irreversibility parameter - u* is a preferred timelike vector (the cosmic

rest frame) - 7, ..o 1S @ scalar matter source - g; is the universal coupling strength

The presence of a preferred timelike vector u* appears to break Lorentz covariance. However,
this is analogous to the cosmic rest frame defined by the cosmic microwave background—a
preferred frame for thermodynamics that doesn’t violate fundamental Lorentz symmetry. The
consistency of global collapse with relativistic causality is addressed in Section 7.



Equation Eq. 8 is fundamental, not effective or phenomenological. It’s the defining dynamical law
of the I-field. All subsequent results follow from this equation together with standard quantum
dynamics for matter.

5.3 Time-Reversal Symmetry Breaking

The first-order derivative term yu"9d,I explicitly breaks time-reversal symmetry at the level of
the field equations. This term cannot be removed by field redefinitions and cannot be generated
from a time-reversal invariant action without a Rayleigh dissipation functional. Its presence
encodes irreversibility as a fundamental property of the theory.

The I-field equation forms a mathematically consistent system: it’s hyperbolic, admits a well-
posed initial value problem, and reduces to standard scalar field theory in the limit v — 0.
No additional stochastic postulates are required to generate irreversible behavior—it emerges
directly from the field dynamics.

5.4 Coupling to Quantum Systems

Quantum systems act as sources for the I-field through the matter current 7, .- In the
quantum theory, this source becomes the expectation value of a positive operator J, typically
mass or energy density:

gmatter = <¢|j|1/1> (9)

For a quantum state in a superposition of macroscopically distinct configurations, different
components source different I-field configurations. Due to the irreversible dynamics in Eq. 8,
these configurations relax in a time-asymmetric manner. This relaxation suppresses quantum
coherence between macroscopically distinct branches without modifying the Schrodinger equation
at the microscopic level.

5.5 Effective Collapse Dynamics

To derive the effect on quantum dynamics, we employ an adiabatic approximation valid when
the I-field relaxation time 7; ~ 1/ is much shorter than the characteristic quantum evolution
time. In this regime, the I-field follows the quantum source quasi-instantaneously. We can then
integrate out the I-field dynamics—that is, solve for the I-field in terms of the quantum source
and eliminate it from the equations—replacing it by its quasi-static response to the quantum
state.

This yields an effective non-unitary evolution for the reduced density matrix:

dp @ -

where the collapse rate prefactor is
2
91
T, ~ X 11
0 ’ym? ( )

The actual decoherence rate for a superposition depends on the difference in the matter source J
between branches. Since .J is extensive—proportional to system mass m or particle number—the
effective collapse rate for macroscopic superpositions scales as

Feff = FO(AJ)2 X m2a (12)

where AJ is the difference in J eigenvalues between superposed branches. This yields the
characteristic mass-squared suppression of macroscopic coherence required by Section 4.



Equation Eq. 10 has Lindblad form, ensuring probability conservation and preventing superlu-
minal signaling. The double commutator structure causes off-diagonal elements in the J basis to
decay exponentially, suppressing superpositions of states with different J eigenvalues. Microscopic
systems, with small m and small AJ, remain coherent while macroscopic superpositions are
rapidly suppressed.

5.6 Physical Origin of Collapse

Within this framework, wave function collapse is a real physical process arising from the
interaction between quantum systems and the irreversible I-field. It’s neither an update of
knowledge nor an effective approximation. The measurement problem is reformulated as a
problem of dynamical coupling between the reversible quantum sector and the irreversible I-field
sector.

Collapse emerges rather than being imposed. The I-field provides the physical mechanism for
irreversibility, the preferred basis (eigenstates of j), and the mass-dependent suppression of
macroscopic coherence. All three aspects—previously separate ingredients of collapse theories—
arise from a single fundamental field equation.

5.7 Summary and Roadmap

The I-field provides a concrete physical mechanism for wave function collapse through three key
elements: a fundamental field equation with explicit time-reversal symmetry breaking, universal
coupling to quantum matter, and derivation of effective Lindblad dynamics with mass-dependent
collapse rates.

The following sections develop the implications of this framework. Section 6 provides a numerical
illustration demonstrating the collapse mechanism in a simplified model. Section 7 addresses the
consistency of global collapse with relativistic causality. Section 8 compares the I-field approach
systematically with existing objective collapse models. Section 9 identifies experimental signatures
and testable predictions.

6 Numerical Illustration: I-Field—Induced Decoherence

In this section we present a simplified numerical model illustrating how irreversible coupling
to the I-field induces collapse-like behavior in quantum systems. This is not a fundamental
modification of quantum mechanics, but a minimal toy model designed to capture the essential
dynamical mechanism. The purpose is to show explicitly how irreversible field dynamics can
suppress quantum superpositions without invoking observers, measurement postulates,
or environmental decoherence.

The model is intentionally minimal—a single quantum degree of freedom coupled to an effec-
tive scalar I-field variable. The full theory (previous section) yields Lindblad dynamics after
integrating out I-field degrees of freedom. Here, we provide numerical evidence that the core
mechanism already manifests in this simplified phenomenological model.

6.1 Simplified Dynamics

We consider a quantum system described by a wavefunction (t) coupled to an effective I-field
amplitude I(t). The coupled dynamics are given by

d
mdﬂ = Hy+ ih (1) 1,
t (13)
a1+ ol
dt - ,YI bl



where: - H is the system Hamiltonian, - I'(I) = g;I? is an effective non-unitary damping rate, -
~; > 0 is the intrinsic relaxation rate of the I-field, - o determines the sourcing of the I-field
by the quantum probability density, - g; controls the coupling strength between the quantum
system and the I-field.

The essential feature is the feedback loop: the quantum state sources the I-field through its
probability density (second equation), while the I-field in turn suppresses quantum coherence
via a non-unitary contribution to the Schrédinger equation (first equation). The I-field acts as
an irreversible sink for quantum coherence, dynamically selecting localized states.

6.2 Interpretation and Justification

The damping term is chosen as I'(I) oc I? for two reasons. First, it guarantees positivity
of the rate, ensuring monotonic suppression of coherence. Second, it reflects the quadratic
structure of dissipative contributions appearing in the fundamental I-field equation (Eq. Eq. 8),
where irreversibility enters through positive-definite terms. This choice represents the simplest
phenomenologically consistent coupling capturing the essential physics.

It is important to emphasize that Eq. Eq. 13 is not the Lindblad equation derived in the previous
section. Rather, it should be understood as a mean-field—type approximation suitable for
numerical illustration. In this approximation, the I-field is treated as a classical background
variable rather than being fully integrated out quantum mechanically, analogous to treating
collective degrees of freedom classically in many-body physics. In the full theory, integrating
out the I-field degrees of freedom yields a Lindblad master equation with a double-commutator
structure. Nevertheless, the present model demonstrates the central mechanism: irreversible field
dynamics can dynamically suppress quantum superpositions without stochastic noise, external
environments, or measurement axioms.

6.3 Parameters and Initial Conditions

For numerical demonstration, we use the following parameters:

Table 1: Physical parameters of the simplified model

Parameter Value Physical Meaning

H 1.0 System energy scale

g7 0.2 [-field coupling strength

Yr 0.05  I-field dissipation rate

« 0.3 I-field production coeflicient

Initial conditions: 1(0) = 1/v/2 (coherent superposition) and I(0) = 0 (unexcited I-field).

These parameters are chosen to produce collapse on observable timescales in the simulation. In a
realistic physical system, the values would depend on the I-field mass scale m;, the fundamental
coupling g;, and the system mass.
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6.4 Numerical Results

(A) Quantum Decoherence with I-Field
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Figure 1: I-field—induced quantum decoherence. (A) Time evolution of probability density
|| (blue) and I-field amplitude I(t) (red), showing spontaneous suppression of superposition.
(B) Phase-space trajectory colored by probability density, with initial (green) and final (orange)
states marked. (C) Instantaneous decoherence rate (purple) alongside scaled I-field (teal),
demonstrating temporal correlation. (D) Parameter dependence of collapse time on coupling
strength g;, with dashed line indicating the 1/e threshold.

Figure Figure 1 demonstrates the key features of I-field-induced decoherence:

Panel A shows the temporal evolution of the system. The probability density |¢|? (blue) decays
exponentially from its initial value of 0.5, while the I-field strength I(¢) (red) grows initially
as it absorbs coherence from the quantum state, then dissipates through the ~; term. The

characteristic collapse time is approximately T,,j,pse ~ 8 time units for these parameters.

Panel B displays the phase-space trajectory. The system begins at the green point (high
probability density) and spirals inward to the orange point (collapsed state near zero). The
trajectory is colored by instantaneous probability density, showing how quantum coherence is
progressively lost. The spiral structure reflects the interplay between coherent evolution (driven
by H) and irreversible damping (driven by I'(I)).

Panel C reveals the temporal correlation between decoherence and I-field dynamics. The
instantaneous decoherence rate I'(t) = g;I?(t) (purple) peaks when the I-field reaches maximum
amplitude, then decreases as the field dissipates. This demonstrates that decoherence is driven
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by I-field excitation, not by an external environment. The correlation is a direct signature of the
feedback mechanism.

Panel D shows parameter dependence. Collapse time decreases systematically with increasing
coupling strength g;, ranging from 7 ~ 50 for weak coupling (g; = 0.1) to 7 ~ 2 for strong
coupling (g; = 1.0). The dashed line marks the 1/e threshold, defining when the superposition
has substantially collapsed. The approximate scaling 7 o< 1/g; is consistent with the theoretical
expectation that collapse rate increases with coupling strength.

6.5 Physical Interpretation
This simplified model demonstrates three essential features of I-field-induced collapse:

1. Objectivity: Collapse occurs without any reference to observers or measurement devices.
The dynamics are entirely deterministic once the initial conditions are specified.

2. Irreversibility: Unlike environmental decoherence in closed systems, the I-field dissipates
energy irreversibly through the 7; term. Information about the initial superposition is
genuinely lost, not merely hidden in correlations.

3. Timescale control: The collapse time is set by the ratio g;/7;, which can be tuned
through the fundamental parameters of the I-field theory. This provides a direct connection
to experimental predictions.

While this model is deliberately simplified for numerical illustration, it captures the essential
mechanism: quantum systems act as sources for an irreversible field, which in turn suppresses
their coherence. The mechanism is deterministic, objective, and operates without requiring
environmental coupling or measurement postulates. An important conceptual question remains:
how does this global collapse process respect relativistic causality? This is addressed in the next
section.

7 Non-Locality and Relativistic Consistency

7.1 Non-Locality in Quantum Theory

Non-locality is an established and experimentally confirmed feature of quantum mechanics.
Violations of Bell inequalities [16, 17] demonstrate that quantum correlations cannot be explained
by local hidden-variable theories. Crucially, this non-locality doesn’t allow superluminal signaling
and is fully compatible with relativistic causality.

Any physical theory addressing wave function collapse must confront non-locality explicitly. If
collapse is a real dynamical process rather than a purely epistemic update, it necessarily involves
a global reconfiguration of the quantum state.

7.2 Collapse as a Global Process

Within the I-field framework, collapse isn’t a localized event triggered by measurement, but a
global dynamical process arising from irreversible coupling between quantum matter and the
I-field. The instability of extended superposition states leads naturally to collective relaxation
toward dynamically stable configurations.

The global character of collapse reflects the global nature of the quantum state itself, rather
than the propagation of physical influence across space.
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7.3 No Superluminal Signaling

Despite its global action, I-field-induced collapse doesn’t permit faster-than-light communication.
The irreversible dynamics suppress coherence but don’t encode controllable information that
could be exploited for signaling.

Local measurement statistics remain unchanged, ensuring consistency with the no-signaling
theorem and experimental constraints. The collapse rate is determined by the quantum state
and I-field coupling, not by controllable external parameters. This prevents the violation of
relativistic causality even though collapse acts globally.

7.4 Temporal Irreversibility versus Spatial Non-Locality

A defining feature of the I-field theory is that it introduces temporal asymmetry (irreversibility)
without adding new spatial non-locality beyond what quantum mechanics already requires.
The I-field couples to the expectation value of matter operators, which are global quantum
observables—but this global character reflects the non-locality inherent in quantum states
themselves, not a new spatial action-at-a-distance introduced by the field theory.

Collapse reflects the instability of certain quantum configurations under time evolution, not the
propagation of instantaneous influences across space. The I-field mechanism is local in the
sense that the field equation is a local partial differential equation—the field at point
z# depends only on nearby field values and local matter sources. The apparent global character
of collapse arises from the global nature of quantum states, which the I-field couples to through
integrated observables like mass or energy.

This distinction is crucial: quantum mechanics is inherently non-local in its correlations [16], but
the I-field doesn’t introduce additional spatial non-locality beyond this. It introduces temporal
asymmetry—a preferred direction of time through irreversible dynamics.

7.5 Compatibility with Relativity

The I-field introduces fundamental time asymmetry through the dissipation term yu"9,/ in
Eq. 8. This requires a preferred timelike vector u*, which appears to break Lorentz covariance.
However, this doesn’t conflict with relativistic causality at the phenomenological level.

Similar preferred temporal structures already exist in cosmology—the cosmic rest frame defined
by the cosmic microwave background provides a natural choice for u*. Lorentz symmetry is
an effective symmetry of the observable dynamics at accessible energy scales. Violations of
Lorentz invariance would manifest as preferred-frame effects proportional to g;I,, where I, is the
background I-field value. For g;I, < 1, such effects are negligibly small. Current experimental
bounds on Lorentz violation already constrain this product to be extremely small, ensuring
consistency with observations while allowing the fundamental field equation to select a cosmic
rest frame.

More fundamentally, the dissipation term breaks time-reversal symmetry, not Lorentz symmetry
itself. The field equation remains covariant, though not time-reversal invariant. This is similar to
how thermodynamics breaks time-reversal symmetry while remaining compatible with relativity.

7.6 Summary

Non-locality in the I-field theory is unavoidable but controlled. Collapse acts globally because
quantum states are global objects, yet it does so without violating causality or enabling superlu-
minal signaling. The theory breaks temporal symmetry (irreversibility) rather than introducing
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new spatial non-locality beyond what quantum mechanics already requires. This distinction is
essential for understanding how objective collapse can be compatible with relativity.

Having established the conceptual consistency and relativistic compatibility of the I-field frame-
work, we now turn to a systematic comparison with existing approaches to the measurement
problem. This comparison clarifies the unique features of the dissipative field mechanism and
identifies the empirical distinctions that allow experimental discrimination between different
collapse theories.

8 Relation to Existing Objective Collapse Models

Several objective collapse models have been proposed to resolve the measurement problem by
modifying standard quantum dynamics. These approaches share the goal of producing definite
outcomes without invoking observers, but differ fundamentally in their dynamical assumptions
and conceptual structure. This section compares the I-field framework with the most prominent
collapse models.

8.1 GRW and CSL Models

The Ghirardi-Rimini-Weber (GRW) model [8] introduces spontaneous, stochastic localization
events acting on the wave function with a fixed rate and localization length. Continuous
Spontaneous Localization (CSL) [11] generalizes this by replacing discrete jumps with a continuous
stochastic process, typically driven by a classical noise field.

In both cases, collapse is implemented by explicitly modifying the Schrédinger equation through
additional stochastic terms. The collapse rate and localization scale are free parameters in-
troduced phenomenologically and constrained by experiment. While these models successfully
suppress macroscopic superpositions, the origin of the stochasticity and the arrow of time remains
external to the theory.

The I-field framework differs fundamentally: it doesn’t postulate stochastic modifications at
the fundamental level. Instead, non-unitary evolution emerges dynamically from coupling to
a deterministic but irreversible field. The collapse rate isn’t an independent postulate but a
derived quantity determined by the I-field parameters (g;,y,m ).

8.2 Didsi—Penrose Gravitational Collapse

Gravitationally induced collapse models, most notably the Diési—Penrose proposal [14, 9] ,
attribute wave function reduction to gravitational self-energy differences between superposed
mass distributions. Collapse times are estimated from heuristic arguments involving gravitational
instability, without a fully specified dynamical equation.

These models offer an appealing connection between gravity and collapse, but they lack a closed
set of field equations governing the collapse dynamics. Irreversibility is inferred rather than
derived, and the precise mechanism by which coherence is lost remains ambiguous.

The I-field approach introduces a concrete dynamical field with a well-defined equation of motion
(Eq. 8). Irreversibility is encoded directly in the field equation through the dissipation term, and
the coupling to matter is explicit. Collapse arises as a consequence of field relaxation rather
than gravitational self-energy considerations.

8.3 Environmental Decoherence

Environmental decoherence [3, 5] explains the apparent emergence of classicality through entan-
glement with unobserved degrees of freedom. While decoherence accounts for the suppression of
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interference terms in practice, it doesn’t solve the measurement problem—the global evolution
remains unitary and superpositions persist at the level of the total system.

The I-field approach shares with decoherence the idea that interaction with additional degrees
of freedom leads to loss of coherence. However, the crucial difference is that the I-field dynamics
is fundamentally irreversible. Coherence loss is not merely effective but physical, and cannot be
undone by enlarging the Hilbert space or accessing environmental degrees of freedom.

8.4 Structural Comparison

The essential distinctions between existing collapse models and the I-field framework can be
summarized as follows:

Table 2: Comparison of objective collapse mechanisms

Feature GRW/CSL Dié6si-Penrose Decoherence I-Field
Mechanism Stochastic noise ~ Gravitational Environmental Irreversible field
self-energy entanglement coupling
Unitarity Postulated Heuristic Effective only Derived from
breaking field equation
Irreversibility = Fundamental Inferred Emergent Fundamental
(unexplained) (explicit)
Collapse rate Free parameter Estimated Environment- Derived, scales
heuristically dependent as m?
Randomness Fundamental Unclear None (unitary) Born rule only
noise (deterministic
dynamics)
Field equation None None Standard QM Explicit: Eq. 8
Mass scaling oxm (GRW) or o m? Depends on o m?
m? (CSL environment
variants)

In GRW and CSL, non-unitarity is postulated directly at the level of quantum dynamics; in
the I-field theory it emerges from coupling to an irreversible field. In stochastic collapse models,
fundamental noise drives the dynamics; in the I-field theory, the dynamics is deterministic and
dissipative, with outcome probabilities determined by the Born rule as in standard quantum
mechanics. In gravitational collapse models, collapse is motivated heuristically; here it follows
from a closed set of field equations. In decoherence, irreversibility is effective; in the present
framework it’s fundamental.

8.5 Conceptual Implications

By deriving effective collapse dynamics from a fundamentally irreversible field equation, the
I-field theory occupies a distinct position: it preserves the standard quantum formalism at the
microscopic level while providing a physical mechanism for the breakdown of superposition at
macroscopic scales.

This structural difference is essential: collapse is no longer an additional axiom or stochastic rule,
but a dynamical consequence of coupling between reversible quantum matter and an irreversible
sector of nature. The I-field provides what has been missing from previous approaches—a
concrete physical origin for irreversibility in quantum dynamics.
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The theory makes this origin explicit through a single field equation that encodes time-reversal
symmetry breaking, couples universally to matter, and yields testable predictions. In the next
section, we discuss experimental constraints and identify regimes where deviations from standard
quantum mechanics may become observable.

9 Experimental Falsifiability and Testable Predictions

The I-field framework makes quantitative predictions that distinguish it from both standard
quantum mechanics and alternative collapse models. We identify three primary experimental
signatures and discuss the parameter regimes where deviations become observable.

9.1 Predicted Signatures
9.1.1 Mass-Dependent Collapse Rate

As derived in Section 5 (Eq. 12), the effective collapse rate scales quadratically with system
mass:
2 2 91
Ig=T,(AJ)* xxm?, Ty~ .
eff O( ) 0 ,Ym%

For microscopic systems (m ~ 10724 kg), T'.y < w where w is any characteristic frequency,
ensuring standard quantum behavior. For macroscopic systems (m ~ 10710 kg), T' .4 becomes
comparable to laboratory timescales, causing measurable decoherence.

Experimental test: Matter-wave interferometry with molecules of increasing mass. The
coherence time should scale as 7., oc 1/m? in the absence of environmental decoherence.

Current status: Experiments have demonstrated quantum interference for molecules up to
~ 10* amu. Extension to larger masses provides a direct probe of the I-field coupling.

9.1.2 Absence of Spontaneous Heating

Unlike stochastic collapse models (CSL), the I-field mechanism is deterministic and dissipative
rather than noisy. This leads to a crucial distinction: no energy injection into the system.

CSL predicts spontaneous heating at a rate £ o Aogr,m?, where Aqgp, is the noise strength. The
I-field predicts no such heating—energy is dissipated into the I-field reservoir, not randomly
added to matter.

Experimental test: Monitor temperature of isolated macroscopic quantum systems. CSL
predicts observable heating; I-field predicts none.

Distinguishes from: All stochastic collapse models (GRW, CSL, Adler).

9.1.3 Temperature-Independent Decoherence

Environmental decoherence is intrinsically thermal—it vanishes as T — 0. I-field-induced collapse
is independent of temperature, depending only on the fundamental parameters (g7, v, m;).

Experimental test: Measure decoherence rates at ultralow temperatures (mK regime). Persis-
tence of mass-dependent decoherence at T' — 0 would indicate a non-thermal mechanism.

Distinguishes from: Environmental decoherence, which should become negligible in perfect
isolation at zero temperature.
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9.2 Falsification Criteria
The theory is falsifiable through several independent tests:

1. Persistence of macroscopic superpositions: If quantum superpositions of masses
m > 1019 amu are observed with coherence times much longer than 7., ~ /(g?m?), the
mechanism is ruled out.

2. Observation of spontaneous heating: Detection of CSL-type energy injection would
falsify the deterministic dissipation mechanism.

3. Violation of unitarity bounds: Precision tests of quantum mechanics at microscopic
scales constrain g;. If these bounds are tightened beyond the parameter regime where
macroscopic collapse occurs, the theory becomes inconsistent.

9.3 Parameter Constraints

Current experimental bounds and theoretical consistency requirements constrain the dimension-
less coupling:
10759 < g; < 1073%  (in Planck units). (14)

The lower bound ensures measurable collapse for laboratory-scale masses within observable
timescales. The upper bound comes from precision tests of quantum mechanics at atomic scales
and Lorentz invariance tests.

These constraints leave a viable parameter window spanning ~ 15 orders of magnitude—sufficient
for predictive power while allowing experimental exploration.

9.4 Summary

The I-field theory satisfies Popper’s criterion: it makes specific, quantitative predictions that
can be tested and potentially falsified by experiment. The key signatures—mass-squared
scaling, absence of heating, and temperature independence—provide multiple independent tests.
Upcoming experiments in matter-wave interferometry, optomechanics, and molecular physics
will probe the relevant parameter regimes within the next decade.

The theory is conservative in the sense that it reduces to standard quantum mechanics in all
currently tested regimes, while making definite predictions for unexplored territories. Whether
these predictions are confirmed or refuted, the experimental program will clarify the dynamical
origin of the quantum-classical transition.

10 Conclusion

We have addressed the quantum measurement problem from a strictly dynamical perspective.
Rather than modifying quantum mechanics phenomenologically or appealing to epistemic
interpretations, we identified the minimal structural requirement for objective collapse: the
existence of a fundamentally irreversible dynamical sector.

This led us to postulate the I-field—a new physical field governed by a closed, time-asymmetric
equation of motion. The field isn’t an effective description or environmental proxy. It’s a
fundamental component required for mathematical consistency once irreversibility is taken to be
real rather than emergent. Wave function collapse then emerges as a dynamical consequence of
coupling between reversible quantum matter and the irreversible I-field.

This framework differs structurally from existing objective collapse models. Non-unitarity isn’t
postulated at the level of the Schrodinger equation, nor is collapse driven by stochastic noise or
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heuristic gravitational arguments. Instead, effective collapse dynamics arises deterministically
from the relaxation behavior of a dissipative field. Microscopic quantum phenomena remain
effectively unitary, while macroscopic superpositions are dynamically suppressed through a
mechanism that scales with mass squared.

Compared to existing approaches, the I-field framework occupies a distinct position. Unlike
GRW and CSL, non-unitarity is derived from field coupling rather than postulated as stochastic
noise. Unlike Didsi-Penrose, the mechanism is specified through explicit field equations rather
than heuristic gravitational arguments. Unlike environmental decoherence, irreversibility is
fundamental rather than effective. This structural difference—deriving collapse from a closed
set of field equations with explicit time-reversal symmetry breaking—represents the minimal
extension of quantum mechanics required for objective state reduction.

The theory makes clear, falsifiable predictions in regimes accessible to current and near-future
experiments. Matter-wave interferometry with molecules of increasing mass provides a direct
test: observation of mass-dependent decoherence without corresponding stochastic heating would
distinguish the I-field mechanism from CSL-type noise. Conversely, persistence of large-scale
quantum superpositions beyond the predicted collapse timescales, even in perfect isolation,
would falsify the framework. Temperature-independent decoherence at ultralow temperatures
and violations of unitarity bounds in precision interferometry provide additional signatures.

Many technical questions remain—most notably concerning full quantum field theoretic for-
mulation, renormalization, and precise experimental parameter constraints. The relativistic
extension and coupling to gravity require further development. But the present work establishes
a minimal and mathematically closed framework in which wave function collapse is a physical
process rather than a postulate.

Beyond resolving the measurement problem, this framework provides a unified physical origin
for two of the most profound features of quantum mechanics: wave function collapse and the
quantum arrow of time. Both emerge from the same source—the irreversible dynamics of the
I-field. This unification suggests that irreversibility isn’t merely a feature of thermodynamics
or macroscopic physics, but a fundamental principle woven into the structure of quantum
theory itself. The I-field connects the microscopic reversibility of quantum mechanics with the
macroscopic irreversibility of observation and memory, establishing a bridge between quantum
foundations and thermodynamics.

The measurement problem is thereby reframed: it’s not a question of interpretation, but of
fundamental dynamics. Irreversibility isn’t something that emerges from our ignorance or from
statistical mechanics—it’s encoded in the field equations themselves. If confirmed experimentally,
this would establish a new paradigm: quantum mechanics remains fundamentally correct in
its linear, superposition-preserving structure, but operates within a larger framework where
time’s arrow is as fundamental as energy conservation. The I-field provides the missing piece—a
dynamical origin for the transition from quantum possibility to classical actuality.
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