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Abstract

Modern quantum theory treats time as an external parameter, whereas relativity embeds all events
within a static spacetime manifold. Neither framework explains the physical reality of the “Now” or
the mechanism by which causal progression unfolds. Chronon Field Theory (CFT) introduces an in-
trinsic causal alignment field ®# (x) whose self-organization generates both geometry and temporality.
Quantization arises from the discrete holonomy of the causal connection, while measurement corre-
sponds to boundary-induced synchronization of causal phases. The characteristic coherence speed
Ueoh = \/m = ¢ defines the invariant rate at which causal order advances—an intrinsic causal rate
rather than the motion of matter or signals. The geometric action quantum figeom, derived from the CFT
parameters (], A, x), provides the natural origin of Planck’s constant. Within this framework, quantum
discreteness, relativistic invariance, and temporal becoming emerge as complementary manifestations
of a single causal-geometric field dynamics.
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1. Introduction

In both classical and quantum physics, time enters as an external parameter rather than an internal
dynamical quantity. In nonrelativistic quantum mechanics, the Schrédinger equation iy = Hyp
describes unitary evolution in a preexisting temporal background [12,56], while in general relativity
all events coexist within a four-dimensional Lorentzian manifold [14,38], producing a fundamentally
static representation of reality. Neither framework accounts for the experiential fact that there exists a
unique, ever-advancing “Now” or explains how causal progression is physically instantiated [5,50].

A variety of approaches have sought to fill this gap. The Wheeler-DeWitt equation attempts to
formulate quantum gravity without an explicit time parameter, leading to the well-known “problem
of time” [11,23,28]. Pilot-wave theories, such as those of de Broglie and Bohm, introduce hidden
trajectories guided by a wave function defined in configuration space [8,9,22], yet they still rely on
an external temporal coordinate. Stochastic mechanics interprets quantum evolution as diffusion in
phase space [17,41], but similarly presupposes an ambient background time. In all such formulations,
temporal order is assumed rather than derived.

Chronon Field Theory (CFT) offers an alternative foundation in which time and causal structure
arise dynamically [35,36]. The basic variable is a vector field ®*(x) that represents the local direction
of time (causal alignment). Regions of high alignment correspond to coherent spacetime, while
disordered regions correspond to pre-geometric or acausal domains. The field evolves according to a
variational principle whose self-organization defines both geometry and temporality.

Within this framework, the passage of time corresponds to the propagation of a coherence front—
the boundary separating ordered and disordered chronon domains. Quantization emerges from the
topological properties of the causal curvature €3y, = V|, ®,}, whose discrete holonomies give rise to
the action modulus figeom. Measurement, in turn, is reinterpreted as the synchronization of causal
phases between a system and its detector, transforming an indeterminate superposition into a coherent
realized domain.

This paper develops the mathematical structure of this causal field theory in the quantum regime.
We show that quantization, interference, and measurement arise as different manifestations of a single
geometric mechanism—the alignment of causal flow. The resulting picture unifies temporal evolution
and quantum discreteness within one continuous, covariant field framework, thereby providing a
potential resolution of the “problem of the present” in modern physics.

2. Dynamics of the Causal Alignment Field

The central dynamical entity of Chronon Field Theory (CFT) is the causal alignment field ®"(x), a
unit timelike vector field that encodes the local direction of causal flow. At each spacetime point, the
orientation of ®* represents the dominant direction in which local microscopic chronon interactions
align, establishing both temporal order and the emergent notion of simultaneity [36]. Regions where ®#
is coherent correspond to well-defined spacetime, whereas regions of random orientation correspond
to pre-geometric, disordered phases in which no consistent causal order exists.

The dynamics of ®# are determined by the variational principle
l(v ®,)(VIDY) — &@) PF +1)? 1)
20 4k ’

Lcrr =

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2128.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2025 d0i:10.20944/preprints202510.2128.v1

30f15

where | is the causal stiffness coefficient governing the energy cost of local misalignment, and A
enforces the normalization constraint ®,®" = —1 through spontaneous symmetry breaking [1,30].
Variation of the action S = [ Lcpry/—g d*x yields the Euler-Lagrange field equation [43]

V,(JVEOH) A (D@ 4 1)0F = 0. )

The antisymmetric tensor )y, = V|, ®,) quantifies the local rotational misalignment of causal flow,
analogous to a curvature or field-strength tensor [38,61]. When (), = 0, causal alignment is complete,
and the region behaves as a flat Minkowski patch. Nonzero (), signifies curvature of the causal
manifold, representing the emergence of gravitational and quantum structure from local misalignment.

The first term in Eq. (1) defines the kinetic energy associated with changes in causal orientation,
while the potential term o (®,,®* + 1)? stabilizes the unit-norm configuration. This structure parallels
the Ginzburg-Landau form familiar from condensed matter theory [18,59], but with the order param-
eter interpreted causally rather than spatially. Hence, Eq. (2) describes the relaxation of an initially
disordered chronon ensemble toward coherent causal alignment.

Locally, the dynamics can be understood as a gradient flow that minimizes the causal distortion
energy [21,44]. Linearization around a nearly aligned background yields a wave-like equation whose
characteristic velocity

J
Ucoh = —r

X

with x the effective inertia density of the medium, defines the maximum rate at which causal coherence
can propagate. In the macroscopic limit, this propagation speed coincides with the invariant constant
¢, so that the light cone of relativity corresponds to the natural limit of causal synchronization in the
chronon field [14]. See Appendix A for details.

T2ty TTTTTT

Disordered Transition Zone Aligned

Figure 1. Causal alignment. Random chronon orientations (left) interact through causal coupling, gradually
aligning into coherent temporal flow (right). The shaded transition zone marks the advancing boundary of the
“Now,” where disordered regions become causally synchronized.

3. Quantization as Holonomy

In conventional quantum mechanics, discreteness of energy and action is introduced axiomatically
through operator spectra or canonical commutation relations [12,32]. Within Chronon Field Theory
(CFT), quantization instead emerges as a topological property of the causal alignment field itself. The
antisymmetric curvature tensor

Qu =V, @y 3)

measures the local rotational misalignment of causal flow and serves as a generalized field strength [38,
61]. It encodes the infinitesimal deviation from perfect alignment of the causal direction ®* across
neighboring regions.
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Causal Phase and Holonomy

At each spacetime point, the orientation of ®# can be expressed in terms of a local causal phase 6(x),
defined so that infinitesimal rotations of ®# in the internal causal plane are generated by gradients of
o:

Vb = o,V,o"

Geometrically, 6(x) plays the role of an internal U(1)-like phase angle describing the alignment of
local causal orientation. Its circulation around a closed path measures the accumulated twist of the
causal connection:

Viodst = [ s, 4
f} ubax s(r) uv 4)
where S(T') is any surface bounded by the loop T

Quantization of causal curvature

Topological single-valuedness of the phase 6(x) requires that its circulation be quantized in integer
multiples of 27t

j{ V0 dxt =2mn, n € 7. o)
r

Using Eq. (4), this implies quantization of the integrated causal curvature flux:

1
) /S va dst’ =n hgeom/ (6)

where Tigeom is a geometric constant with the dimensions of action, defining the minimal unit of causal
rotation. Equation (6) thus expresses the topological compactness of the causal manifold: each 27t
rotation in causal phase carries a quantized flux of curvature through the corresponding surface.

An explicit derivation of figeom is provided in Appendix C.

Physical Interpretation

A localized configuration in which the causal field completes one full 27 rotation constitutes a
topologically stable excitation of the chronon medium. Such excitations cannot be removed by contin-
uous deformations; they can only be created or annihilated in quantized pairs when the local causal
order becomes discontinuous. Each of these elementary excitations carries one unit of action figeom,
playing the role of an elementary quantum of the field.

This interpretation parallels quantized flux lines in superconductors [37,45] and quantized vortices
in superfluids [13], but with a crucial difference: here the quantized flux represents not electromagnetic
or mechanical rotation, but the fundamental circulation of causality itself. The chronon field therefore acts
as a compact causal order parameter, and quantization arises from its topological structure rather than
from any imposed operator algebra.

Emergence of Planck’s Constant

The existence of a finite geometric quantum of action ensures that the total phase-space circulation
of any physical process is discrete in units of /igeom. Standard quantum mechanics thus appears as the
effective, coarse-grained limit of CFT dynamics, with the identification

h= hgeom~ )

Microscopic discreteness—of energy, angular momentum, and interference phases—therefore follows
not from abstract postulates, but from the intrinsic topology of the causal connection [7].

In this view, quantization is a manifestation of geometric holonomy: a direct consequence of the
compact, orientable nature of causal space.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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An explicit derivation of the geometric action quantum in terms of the CFT parameters (], A, x),
yielding an approximate relation figeom ~ 471J%/ (A ceff), is provided in Appendix C.

A complete 271 phase twist
generates one unit of action

Figure 2. Topological quantization. A complete 27t twist of the chronon field’s internal phase corresponds to
a closed loop in causal space. This loop carries a quantized flux of curvature equal to figeom, the elementary
unit of action. Topological stability of these twists gives rise to the discrete spectrum characteristic of quantum
phenomena.

4. Measurement as Causal Synchronization

In conventional quantum mechanics, measurement introduces a formal discontinuity in unitary
evolution: a system described by a superposition of states {|®;) } is postulated to collapse probabilisti-
cally to one outcome through the projection rule [12,60]. Chronon Field Theory (CFT) replaces this
non-dynamical postulate with a continuous, local process of causal synchronization. A measurement
corresponds to the mutual alignment of causal phases between an initially incoherent chronon region
and a macroscopic coherent domain—the detector—whose causal orientation is already stabilized
through large-scale phase locking.

Causal Alignment Between System and Detector

Let the local chronon field incident upon a detector be expressed as a superposition of orthogonal
causal modes {|®;)}, each characterized by a distinct orientation of its internal phase 6;(x) relative to
the detector’s reference phase e (x). The detector itself is represented by a coherent reference field
|Pget), whose phase defines the local causal frame. Interaction between the system and the detector
enforces boundary conditions on the chronon field, driving the phase difference A8; = 6; — 04, toward
one of the stable minima of the local alignment potential. The degree of alignment determines the
likelihood that a given mode will be entrained by the detector’s causal frame.

Emergence of the Born Rule from Alignment Bias

The probability that the detector stabilizes onto outcome i is given by the relative alignment
amplitude between the incoming mode and the detector’s coherent domain:

(D |Pger) |

p = \2il%det/l”
L D) Pger) 2

(®)
Equation (8) reproduces the Born rule as an emergent expression of phase-matching efficiency between
causal domains [55]. The inner product (®;|P4e;) quantifies the overlap of their causal phase distri-
butions, measuring how effectively the incoming configuration can synchronize with the detector’s
stabilized orientation. Normalization expresses the completeness of the synchronization basis: the
total probability that alignment occurs with any available detector state is unity.

A quantitative formulation of this causal synchronization mechanism, based on coupled phase
dynamics of the system and detector fields, is provided in Appendix B, where the Born rule emerges
as the steady-state distribution of phase locking.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Physical Picture: From Superposition to Realization

Before interaction, the chronon field contains a continuum of partially aligned domains, each
representing a metastable causal bias. At the detector boundary, microscopic fluctuations induce
nonlinear coupling between these domains and the detector’s macroscopic causal phase. When one
subset of chronons achieves resonance (Af; — 0 modulo 277), its alignment propagates throughout the
local region, suppressing orthogonal components through destructive phase interference. This process
constitutes an irreversible locking of causal phase—the physical analogue of wavefunction collapse—
arising from boundary-induced ordering rather than discontinuous projection. The mechanism is
analogous to spontaneous symmetry breaking in condensed matter systems, where an external field
selects one orientation among degenerate minima [3,34].

Causality and Locality of the Synchronization Process

Because synchronization spreads through the chronon medium via the causal alignment field ¥,
the process is strictly local and respects relativistic causality. The apparent nonlocal correlations
observed in entangled systems reflect the global constraints imposed by shared causal coherence, not
superluminal influences [4,6]. The coherence front propagates at the invariant rate

Voh = VI/X=¢

which defines the maximal speed at which causal order can advance.

Thus, what is traditionally interpreted as instantaneous collapse is reinterpreted in CFT as a
finite-speed propagation of causal synchronization across the chronon field. No physical entity is
transmitted faster than light; only the coherence of causal orientation expands, realigning the chronon
domains into a single realized configuration.

Measurement, in this view, is not a separate postulate of quantum theory but a particular mode of
causal evolution: a synchronization event between microscopic and macroscopic domains within the
same continuous causal field.

Double-Slit Experiment and Causal Synchronization

The double-slit experiment provides a clear illustration of how Chronon Field Theory (CFT)
resolves the traditional wave—particle paradox. In CFT, the emission from a microscopic source
generates a bundle of chronon threads—localized trajectories of causal flow—each carrying a causal
phase 6(x) that determines its orientation within the global alignment field ®*(x). As these threads
encounter a barrier with two slits, they propagate through both openings as bias-compatible channels
of causal alignment. Between the slits and the detector, the chronon ensemble maintains a coherent
phase relationship, and the interference pattern arises from the phase difference A0 accumulated along
each path. This is not a particle simultaneously traversing two routes, but a field-level superposition
of causally correlated domains within a single, continuous medium.

When the chronon field interacts with the detector, the boundary conditions imposed by the
detector’s coherent domain drive a rapid process of causal synchronization. One domain of the field
achieves phase entrainment with the detector’s reference orientation, while all others decohere and
lose causal connection. The resulting detection event thus corresponds to the emergence of a localized
coherent region—the physical realization of one of the possible causal phases. The “collapse” of
the wavefunction is therefore reinterpreted as a dynamical ordering transition in causal phase space,
proceeding locally and continuously at the coherence propagation speed v, = c. In this way, the same
causal mechanism explains both the extended wave-like interference and the discrete, particle-like
detection events, without invoking dual ontologies or nonlocal collapse.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Double-slit experiment in CFT. Chronon threads traverse both slits as causally coherent trajectories.
Interference arises from their phase correlation, while measurement corresponds to phase synchronization with
the detector’s causal frame—resolving the wave—particle duality dynamically.

5. Relation to Existing Frameworks

Chronon Field Theory (CFT) retains the mathematical structure of standard quantum mechanics
while providing it with a causal-geometric foundation. In this formulation, wavefunctions, operators,
and probability amplitudes arise not as postulated entities but as effective descriptions of the underly-
ing alignment dynamics of the chronon field ®#(x). The familiar Hilbert-space formalism corresponds
to the linearized regime of small perturbations around a coherently aligned causal background, where
local excitations of ®# obey an effective Schrodinger or Dirac-type evolution [12,62].

Comparison with Pilot-Wave Theory

In de Broglie-Bohm pilot-wave mechanics [8,10], particle trajectories are guided by a nonlocal
quantum potential defined on configuration space. CFT differs fundamentally in ontology: it contains
no hidden particles or guiding waves. Instead, the causal alignment field itself constitutes the physical
substrate, and its local phase orientation encodes the information that the pilot-wave would otherwise
carry. Apparent nonlocal correlations in quantum phenomena arise from global constraints on causal
coherence [6], not from instantaneous influences between spatially separated systems. The dynamics
remain strictly local in the field ®¥, propagating at the invariant coherence speed c, consistent with
relativistic causality [4,34].

Relation to Geometric Quantization and Gauge Theories

Geometric quantization introduces a symplectic structure on phase space by postulating the exis-
tence of a closed two-form [26,57]. CFT provides a deeper origin for this structure: the antisymmetric
curvature (yy = V[, P,) acts as the fundamental symplectic form, whose discrete flux integrals yield
the quantization condition in Eq. (6). Thus, the phase space of conventional quantum theory emerges
dynamically as the space of allowed causal configurations, and the Planck constant appears as the
minimal quantized flux of (), rather than an external constant [40].

Moreover, gauge interactions acquire a natural geometric interpretation. Parallel transport of
the internal causal orientation within coherent domains generates compact holonomy groups that
correspond to the familiar U(1), SU(2), and SU(3) symmetries of the Standard Model [61,63]. In this
sense, both quantization and gauge covariance arise from the same underlying mechanism—compact
holonomy of the causal connection.

Relation to the Wheeler—DeWitt and Timeless Formalisms

The Wheeler-DeWitt equation of canonical quantum gravity [11] eliminates time altogether,
describing the universe as a static superposition of spatial geometries [25]. CFT, by contrast, restores
a dynamical notion of temporality. The field ®* defines a continuously advancing front of causal
coherence—the physically real “Now”— whose evolution constitutes the passage of time itself. Rather
than quantizing a fixed spacetime background, CFT describes the genesis of spacetime as coherence
propagates through the chronon medium. The timelessness of the Wheeler-DeWitt picture is thereby
reinterpreted: it corresponds to a limiting case in which the causal front has frozen, and no further
synchronization occurs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Summary

CFT thus unifies the predictive content of quantum mechanics and general relativity within a
single causal-geometric field theory. It reproduces standard quantum behavior in the limit of small
misalignment, recovers relativistic invariance from the universal coherence speed ¢, and replaces
measurement collapse with causal synchronization. The result is a framework that preserves empirical
success while resolving the conceptual disjunction between dynamics, causality, and the physically
advancing present [47].

6. Discussion and Outlook

Chronon Field Theory (CFT) offers a unified causal-geometric foundation for quantum behavior,
integrating quantization, interference, and measurement into a single dynamical mechanism. All
three phenomena arise from the alignment and synchronization of local causal phases within the
chronon field ®#(x). When chronon domains interact, their orientations adjust to minimize causal
tension, producing discrete topological excitations whose circulation quantizes action in units of
figeom. Interference emerges from the superposition of partially aligned domains, while measurement
corresponds to the irreversible locking of one domain’s phase to a stable detector frame [55].

The characteristic speed of this alignment process,

7~7coh:\/]/7(:C1 )

defines the invariant limit of causal propagation. The dimensional consistency of |, x, and the
derivation of vy, = \/J/x are summarized in Appendix A.

It is important to emphasize that, this coherence speed represents an intrinsic causal rate, not the
translation of objects through space.

In this framework, the constancy of the speed of light expresses a deeper physical principle: it is
the maximal rate at which causal coherence can advance through the universe. Relativistic invariance,
quantum discreteness, and the presence of a globally advancing “Now” are not independent postulates
but self-consistent aspects of the same causal substrate. The “light cone” of relativity corresponds to
the boundary of causal synchronization, and Planck’s constant reflects the quantized holonomy of that
same field structure.

Beyond the microscopic regime, CFT suggests a new perspective on macroscopic decoherence
and cosmology. Large systems may be described as networks of partially synchronized chronon
domains, whose collective dynamics reproduce the transition from quantum superposition to classical
determinacy [24,65]. At the cosmological scale, the same causal alignment process that governs
microscopic coherence could underlie the growth of spacetime itself, with the advancing front of causal
synchronization corresponding to the expansion of the universe [15,46]. Exploring whether large-scale
curvature, entropy gradients, or matter inhomogeneities affect the global coherence rate may provide
new observational links between quantum foundations and cosmological evolution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Coherent spacetime
(Past: realized causal order)

coherence front
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Advancing of coherence

Causal phase boundary %,
(advancing Real Now)
Figure 4. Advancing of coherence as the physical frontier of the Real Now. The coherent past (left) consists of
chronons already aligned into stable causal order—realized spacetime. The disordered future (right) contains
incoherent chronons representing unrealized potential. The thick boundary marks the physically real Now, the
advancing front of causal coherence. The arrow shows the direction in which coherence propagates; this advancing
of coherence constitutes the physical process underlying the advancing of the Real Now.

Reconstruction of Reality at the Advancing Frontier

Importantly, observers, matter, and all physical structures move with the advancing front of
coherence rather than being left behind. Our bodies, memories, and instruments are composed
of chronons already entrained within the coherent domain; as the causal boundary advances, the
configuration of aligned chronons that defines “us” is continuously reconstructed at the new frontier
of coherence. The flow of time therefore does not carry the universe forward through an external
parameter—it recreates the universe, moment by moment, at the advancing causal boundary.

From this perspective, all physical evolution is a manifestation of the continual reconstruction of
reality at the coherence front. What physics describes as “change”—motion, interaction, decay, and
emergence—is precisely this ongoing renewal of causal alignment. The laws of dynamics govern
how patterns of coherence are replicated and transformed as the boundary advances. In this sense,
Chronon Field Theory reformulates the very aim of physics: to describe the lawful structure of this
self-generating process by which the universe reconstitutes its own reality at every instant.

Future work will focus on three main directions:

1.  Developing a full dynamical theory of causal front propagation, including nonlinear stability
analysis and entropy production;

2. Extending the framework to multipartite and entangled systems, formulating measurement as a
network of coupled synchronization processes;

3.  Extending the framework to cosmology, where the observed expansion and apparent acceleration
of the universe emerge from the advancing chronon—coherence front, whose global dynamics
determine the cosmic coherence rate and the growth of spacetime itself.

By grounding quantum mechanics and relativity in the same causal order parameter, CFT restores
temporal becoming to physics: the universe is not a static block but a self-organizing process that
continuously extends its own coherence—a universe in which time itself is the ongoing advance of
causal order [47,51].

Appendix A. Dimensional Analysis and the Coherence Speed
Appendix A.1. Conventions and Basic Dimensions

We keep c and 71 explicit throughout. The action is

S = /d4x \/_gECFTr

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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with dimension [S] = [f1] [31,62]. Thus, the Lagrangian density has dimension [Lcpr] = [#] L™*. The
chronon field satisfies the unit-timelike constraint ®,®" = —1, so it is dimensionless: [®"] = 1.
Covariant derivatives carry the usual dimensions [V, ] = L1

Appendix A.2. Dimensions of | and A

From N
Lcrr = % (V@) (VHDY) — 1 (P P" +1)?,

the gradient term scales as L~2. Matching dimensions with Lcpr yields
UL =mL = [Jl=[mL

The quartic potential is dimensionless in @, so [A] = [Lcpr] = [#] L~*. These assignments parallel the
stiffness and self-coupling in Landau-Ginzburg or nonlinear sigma models [31,64].

SI units (for reference).
With [1] =] -sand L in meters,

[J]=T]-sm~2 A] =T-sm™*
Because L represents an action density, £/s yields an energy density.

Appendix A.3. Effective Inertia x and the Kinetic Normalization

For small, time—dependent perturbations about an aligned background ®# = qu + 0P with
V &y = 0, we introduce a positive susceptibility x so that the linearized dynamics take the canonical
hyperbolic form, analogous to elasticity or field propagation [20,62]:

X 076®! = V2D — M2 50!, (A1)
where 5@’1 is transverse to <1>g and M? collects local restoring terms (from the potential curvature).
Dimensionally,

2

T2y L2 n_r

M- =t = [ =g

Hence ]/ x has the dimensions of a speed squared, analogous to E/p in elastic media.

Appendix A.4. Dispersion and the Coherence Speed

Inserting a plane wave 5CI>Pi o eheilkx—wt)

into Eq. (A1) gives
xw? = Jk*+ M2

On the (approximately) massless branch or at long wavelengths (k¢, < 1 with /. a correlation length),
the dispersion is linear:

Thus, the characteristic coherence speed is

Ucoh = 7 (AZ)
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with the correct dimensions of velocity. Identifying the emergent causal cone with the relativistic light
cone yields the macroscopic equivalence v, = c, as proposed in the main text.

Appendix A.5. Natural Units and Consistency Checks

Innatural unitsc =i =1, [£] = L7%, [J] = L72, [A] = L%, and [x] = 1. Equation (A2) reduces
to eoh = +/J/ X, which is dimensionless and bounded by unity in the relativistic limit. Restoring c
and 7 confirms [J/x] = ¢?, so that v, = ¢ in fully coherent domains.

Summary. With & dimensionless, the stiffness | carries dimensions of action per area, while the
susceptibility x represents an effective inertia density. Their ratio fixes the causal kinematic scale:

Veoh = V I/ X,

identifying the invariant speed of causal synchronization with the relativistic constant ¢ in the macro-
scopic coherent limit.

Appendix B. Model of Causal Synchronization Dynamics
Appendix B.1. Coupled Phase Dynamics

Let 0s5(x, t) and 04(x, t) denote the local causal phases of the system and detector domains, each
defined through the alignment field ®, = V,6/+/—(V6)2. Interaction at their boundary introduces a
coupling potential analogous to a Kuramoto-type phase-locking term [29,58]:

Vint = —k cos(6s — 6g),

where k¥ measures the strength of causal coupling. Linearizing the Euler-Lagrange equation (2) for
small phase deviations yields the local evolution law

X 0765 + 79105 = V205 + Kk sin(yq — 65), (A3)

where 7 is an effective damping rate induced by the detector’s macroscopic coherence, and x and | are
the same inertial and stiffness coefficients introduced in the main text. Equation (A3) is structurally
similar to the damped sine-Gordon or Josephson junction equation [54], but here it governs the causal
phase 0(x, t) rather than an electromagnetic or mechanical variable.

Appendix B.2. Phase Locking and Probabilistic Alignment

Equation (A3) admits stable fixed points when 6; ~ 684 + 27tn, corresponding to fully synchronized
causal domains. The probability for a given mode i to lock onto the detector’s phase is proportional to
the squared overlap of their complex amplitudes,

P ox [(e%]ef%aet) ?,

which recovers the Born rule, Eq. (8), as the steady-state distribution of phase alignment [55,65]. Small
fluctuations about the locked state decay on a timescale T, ~ !, so synchronization is effectively
instantaneous on laboratory scales but remains causal, limited by v, = /J/x = c.

Appendix B.3. Physical Interpretation

The detector acts as an attractor in the causal-phase manifold: its macroscopic alignment sup-
presses incompatible orientations, driving the microscopic chronon modes toward the nearest phase-
matched basin. The apparent “collapse” of the wavefunction thus corresponds to reaching a stable
fixed point of the coupled phase dynamics, not a non-physical projection [3,34]. This synchronization
model renders Section 4 mathematically explicit and clarifies how the Born rule emerges from deter-
ministic causal alignment rather than stochastic postulation. It also links the microscopic mechanism
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of measurement to general principles of phase-locking and self-organized synchronization ubiquitous
in nonlinear physical systems [48].

Appendix C. Geometric Derivation of the Action Quantum 7igeom
Appendix C.1. Phase-Only Reduction and Basic Scales
Starting from the CFT Lagrangian

A
Lcrr = %(qu%)(VH(DV) = g (P 1)?,
we consider the aligned phase where the unit-timelike constraint ®,®" = —1 is enforced by A > 0.
On stabilized domains, slow rotations of the causal orientation can be parametrized by a scalar phase

6(x) so that transverse reorientations are captured by gradients of 6. To quadratic order, the effective
phase-only Lagrangian takes the Goldstone form [19,33]

Ly =

N[

(atG)Z - %(Ve)z - Vcore(e} /\)/ (A4)
whose dispersion w? = (J/x)k? gives

Ucoh = \/]/X:C' (A5)

This velocity represents the intrinsic rate of causal alignment, not the translation of matter or informa-
tion through space.

The core potential Vcore accounts for short—distance relaxation when the phase winds non-trivially,
analogous to amplitude suppression in Ginzburg-Landau vortices.

Balancing gradient and core energies yields the correlation (core) length

b/ 1, (A6)
and the associated coherence (front) time
le X
‘ Ucoh A

Appendix C.2. Minimal 27t Soliton and Its Core Energy

A minimal topological excitation corresponds to a 27 phase winding around a line defect (the
worldsheet of a pointlike soliton in 341 D). For r 2 ¢, the phase profile is 8(¢) ~ ¢, giving |VO|~1/r.
The gradient energy density ey ~ # yields the logarithmic contribution per unit length [27,42]

e i ing (a9)
[

Amplitude relaxation within the core removes the r—0 divergence, producing a finite energy [13]:
£ ~ag L, ag=0(1), (49
For a closed minimal loop of length L ~27/,, the total energy becomes
Eo ~ o], (A10)

where a1 = (1) absorbs finite-size and core effects.
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Appendix C.3. Action of a 27t Phase Slip and the Quantum of Action

The minimal action required to realize a 271 twist equals the energy of the minimal soliton times
the coherence time [52]:

527-[ ~ EZT[TC ~ oq]\/?. (All)
Using veon and £ from Egs. (A5)-(A6),
2
527-[ ~ Oézﬂ, (A12)

with ay = O(271) capturing geometric factors. A full 27t causal winding therefore defines one quantum
of holonomy (Sec. 3),

2
fgeom =K 0, | KA~ (A13)

The action quantum is thus completely fixed by the intrinsic CFT parameters (], A, x).

Appendix C.4. Consistency Checks and Identification with h
Dimensions.
Since [J] = [7]L72, [\] = [#]L™*, and [c] = L/T, it follows that [J>/(Ac)] = [h], confirming
dimensional consistency.
Scaling with coherence parameters.

Using £ = +/J/A and 7. = £ /c, Eq. (A13) can be rewritten as figeom ~ Ecore ¢, i.€. energy of the
minimal core multiplied by its formation time, consistent with the physical interpretation of an action
quantum.

Identification.
In the coarse-grained quantum limit,

2 ]3/2
It = hgeom = K — =K

Ac AVX

Both 7 and ¢ therefore emerge from the same microscopic parameters, linking quantum discreteness

(Al4)

and relativistic causality within one unified causal-geometric substrate.

Appendix C.5. Relation to Holonomy Quantization

Section 3 established the topological condition % JsQudSH = 1 hgeom. Equation (A13) shows that
this holonomy quantum equals the minimal action required to generate a 27t causal twist, tying its
magnitude directly to the stiffness |, susceptibility x (via c), and constraint strength A. Thus the quanta
of action and the invariant causal speed are joint emergent invariants of the chronon medium, analogous
to how flux quanta and sound velocity arise together in condensed-matter analogs [2,39]
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