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Abstract

We argue that the conventional program of “quantum gravity” rests on a historical category error:
there is no physical or conceptual necessity to quantize spacetime geometry. Quantizing the metric is
analogous to quantizing pressure or temperature—it misunderstands the level of description at which
continuum fields arise. We present a compact alternative framework, Chronon Field Theory (CFT), in
which a single smooth covector field ®, evolves according to the Temporal Coherence Principle (TCP).
The TCP equation reproduces, in distinct asymptotic limits, the Einstein equations, Maxwell-Yang—
Mills dynamics, the Schrédinger equation, and the Navier-Stokes law. The universal invariant speed
and the Planck constant emerge as constitutive properties of the causal medium itself, not as primitive
postulates. We show that CFT naturally resolves problems that quantum-gravity approaches have
not solved—including the universality of c and the origin of 7. In this sense, CFT already achieves
the actual goal of “quantum gravity”: a unified account of gravitation and quantum dynamics from a
single underlying principle.

Keywords: Chronon Field Theory (CFT); Temporal Coherence Principle (TCP); emergent spacetime;
analogue gravity; Lorentzian signature emergence; universal invariant speed; vorticity quantization;
geometric action scale; emergent quantum mechanics; hydrodynamic limit; Yang-Mills holonomy;
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1. Introduction

The search for a quantum theory of gravity has traditionally begun from a single, rarely questioned
premise: that the spacetime metric of general relativity is a fundamental field which must be quantized.
This premise underlies canonical quantization, loop variables, spin foams, string theory, causal sets,
and related approaches [4,10,74,78,86]. Yet no observation has ever revealed quantum excitations
of the metric, discrete geometric spectra, or “gravitons” in the same sense that photons and gluons
appear as quanta of underlying gauge fields. Several persistent conceptual difficulties in quantum
gravity—including the problem of time, perturbative nonrenormalizability, and the absence of local
gauge-invariant observables—are naturally reinterpreted as indications that the metric is a macroscopic,
not microscopic, variable [47,55,89].

This perspective aligns with a growing body of work suggesting that spacetime geometry may
function as a collective or hydrodynamic descriptor, analogous to pressure, density, or vorticity in
a fluid. Quantizing such variables can be formally carried out, but it does not describe the true
microscopic degrees of freedom. If the metric arises only as a coarse-grained descriptor of deeper
dynamics, its quantization becomes conceptually inappropriate [12,44].

Emergent-gravity frameworks—including analogue systems, induced gravity, entropic and ther-
modynamic approaches, and holographic dualities [43,49,71,79,88,91]—reinforce this view. The funda-
mental task is therefore not to quantize geometry, but to identify the microscopic structure from which
geometry itself emerges.
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In this work we investigate one concrete proposal for such a substrate: Chronon Field Theory (CFT).
CFT is built on a single dynamical field, a smooth unit timelike covector ®,(x), governed by the
Temporal Coherence Principle (TCP), which posits that nature tends to maximize local coherence in the
direction of causal propagation. Variation of the TCP action produces a unified field equation whose
long-wavelength limits recover:

* the Einstein equations as the hydrodynamic response of an aligned causal medium [49,71],

*  Maxwell and Yang-Mills dynamics as holonomies of the transverse polarization bundle of ®,
[29,50],

e the Schrodinger equation and the action quantum figeom from chronon-vorticity topology [20,38,
66],

*  Navier-Stokes—type fluid behavior from slow-time relaxation of misalignment [12,56].

Appendix A summarizes these derivations.
Although @, selects a preferred causal direction, CFT does not predict observable violations of
Lorentz invariance. This is ensured by the Co-Moving Concealment Principle (CCP):

Co-Moving Concealment Principle (CCP). All excitations and interactions propagate co-moving
with the local chronon frame defined by ®¥. Because the emergent metric is constructed from d¥
itself, every observer and every field samples the same local frame. Thus the preferred direction is
dynamically hidden, and all observable processes are locally Lorentz invariant.

In CFT, nothing is imposed from outside: the chronon medium generates the metric, governs all
excitations, and determines the operational standard of locality and speed. Lorentz symmetry survives
observationally because all dynamics co-move with the same substrate.

This leads to two central claims explored in this paper:

1.  Spacetime geometry is a derived, hydrodynamic quantity; it should not be quantized because it
is not fundamental.

2. A unified description of gravity, gauge interactions, and quantum mechanics emerges once the
underlying causal medium is modeled explicitly.

The remainder of the paper develops these results. Section 3 introduces the TCP framework and
its variational structure. Section 4 shows how the Einstein-Hilbert action and Newton’s constant arise
from the alignment dynamics of ®,. Section 5 derives quantum wave equations and the geometric
action scale figeom. Section 6 explains why long-standing quantum-gravity puzzles disappear once
geometry is emergent. Section 7 summarizes observational signatures arising from the quartic vorticity
term.

2. Why Geometry Need Not Be Quantized

The widespread expectation that gravity must be quantized arises from extending canonical
quantization to the metric field [22,97]. This expectation is natural but not necessary: it presumes that
guv is @ microscopic dynamical field on par with gauge fields. In this section we present three lines of
reasoning suggesting that the metric is instead a macroscopic variable and therefore not an appropriate
target for quantization: (i) geometry behaves as an emergent collective descriptor, (ii) no experiment
has detected quantum features of spacetime, and (iii) the perturbative nonrenormalizability of general
relativity indicates that the metric is not a fundamental degree of freedom [17,23].

2.1. Geometry as an Emergent, Not Microscopic, Variable

In many-body systems, continuum variables such as pressure, temperature, vorticity, and strain
summarize large-scale organization of microscopic constituents. These quantities are indispensable
for macroscopic physics but do not exist as independent quantum degrees of freedom. Quantizing
them directly—for example, the Navier-Stokes velocity field—produces theories with no microscopic
interpretation.
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We argue that the spacetime metric is of the same type. The quantity g,, encodes the coarse-
grained coherence of an underlying physical substrate that determines causal propagation. Its curva-
ture reflects how the local orientation of this substrate varies across spacetime, in the same way that
geometric strain reflects microscopic alignment in an elastic solid.

This viewpoint is consistent with several emergent-gravity ideas: Sakharov’s induced gravity
[79], Jacobson’s thermodynamic derivation of the Einstein equation [49], analogue-gravity frameworks
[12], and hydrodynamic or entropic interpretations of spacetime [71,91]. Across these approaches, the
metric functions as a collective variable, not a microscopic one.

Chronon Field Theory (CFT) makes this structure explicit: the fundamental field is the smooth
timelike covector @, while the metric and curvature emerge from the coherent organization of ®, over
large scales. Quantizing g;,, in such a framework would be as unnatural as quantizing the temperature
field of a fluid.

2.2. No Experimental Evidence for Quantized Spacetime

Decades of increasingly precise observations have revealed no sign of quantized geometry, discrete
spacetime elements, or metric excitations. Illustrative examples include:

e Interferometry. LIGO, VIRGO, GEO600, atom interferometers, and Holometer-like searches
show no Planck-scale stochastic jitter at sensitivities far beyond those predicted by naive discrete-
spacetime models [11,42].

e  Lorentz-invariance tests. Observations of cosmic rays, GRBs, blazar spectra, and high-energy
neutrinos reveal no dispersion anomalies down to fractional levels < 10-20 [5,25,51].

e  Vacuum birefringence. Polarization measurements from distant astrophysical sources place
extremely tight bounds on metric-induced birefringence [53].

e  Absence of graviton signatures. No direct or indirect evidence of quantized metric excitations
has been observed, despite the ubiquitous manifestation of analogous quanta (photons, phonons,
magnons) in their respective domains [24].

While these results do not preclude quantum gravity in principle, they strongly suggest that
spacetime is smooth down to scales probed experimentally, supporting the interpretation that geometry
is a collective field rather than a quantum one.

2.3. Nonrenormalizability as Evidence of Emergent Variables

Perturbative quantization of the Einstein—Hilbert action yields a nonrenormalizable theory [34]:
new divergences appear at every loop order, requiring infinitely many counterterms. Rather than
signaling a fundamental flaw, this behavior fits a familiar pattern: in effective field theory, nonrenor-
malizability typically means that the chosen fields are not the underlying microscopic degrees of
freedom [96].

Quantizing fluid velocity or strain, for example, also leads to nonrenormalizable theories because
those variables are emergent. General relativity exhibits this same structure. Its ultraviolet divergences
arise because g, is a hydrodynamic field whose microscopic origin lies elsewhere.

From this viewpoint, the problem is not that gravity resists quantization, but that the metric is
not the correct variable to quantize. Once the underlying degrees of freedom are identified—as in
analogue models, thermodynamic derivations, or, in this work, the chronon field—the need to quantize
geometry evaporates.

In CFT, the fundamental dynamics are formulated directly in terms of @ (x). The metric emerges
from coarse-grained alignment of ®;, and the quartic vorticity term in the TCP Lagrangian provides a
natural regularizing scale associated with finite-energy solitonic excitations. General relativity thus ap-
pears as a long-wavelength approximation to a more fundamental theory, and its nonrenormalizability
is reinterpreted as a diagnostic of emergent, not fundamental, variables.
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3. Chronon Field Theory as the Underlying Substrate

Chronon Field Theory (CFT) posits that the microscopic structure of the universe is described not
by a fundamental metric field but by a single, smooth, future-directed, unit timelike covector field

Du(x),  DPF =1, (1)

whose orientation defines the local direction of causal propagation. The unit constraint (1) ensures that
@, generates a congruence of timelike curves in the sense of standard Lorentzian geometry [21,93].
A key conceptual shift is that the metric g,y is not assumed a priori. Instead, we treat V as an
auxiliary differentiable structure and show in Secs. 4-5 that the unique metric rendering @, unit-
timelike while making the TCP dynamics hyperbolic is precisely the emergent Lorentzian metric. This
“bootstrap” construction parallels analogue-gravity frameworks, where effective metrics arise from
coherent microscopic alignment rather than being fundamental geometric objects [12,45,92].

The Temporal Coherence Principle

At the core of CFT is the Temporal Coherence Principle (TCP), which states that neighboring causal
directions tend to align. Misalignment carries an energetic cost, analogous to gradient energy in
nonlinear o-models and spin alignment in condensed matter systems [60].

This principle is encoded in the TCP Lagrangian

A K
Lrep = 5 (V0 (V79) = § (@0 + 12 + £ (0,02, @

where the vorticity tensor
QVV = V[VCDV] (3)

is the antisymmetric part of the chronon gradient, analogous to kinematic vorticity in relativistic
hydrodynamics [7].
The three TCP parameters have distinct physical roles:
* | > 0is the stiffness of the causal medium, controlling the energy cost of misalignment.
* A > 0dynamically enforces the unit-norm constraint, exactly as in constrained c-models.
* x> 0 weights quartic vorticity, providing a short-distance regulator similar to Skyrme-type terms
that stabilize solitons [3,81].

The competition between | and « sets the coherence scale

ECN \/K/I/

analogous to characteristic lengths in classical soliton theory.

3.1. Microscopic Interpretations

CFT is formulated as a continuum field theory, and none of its results require committing to a
particular microphysical model. However, one may interpret ®, as the coarse-grained order parameter
of a deeper, discrete or statistical substrate, in analogy with how macroscopic fields arise in nematic
liquid crystals or spin systems.

Any such microscopic realization must, upon coarse-graining, yield a smooth timelike field with
an effective action matching Eq. (2). Possible mechanisms include stochastic local alignment rules,
nematic-type orientation variables, or other pregeometric models; a detailed construction is beyond
the scope of this paper and will be presented elsewhere. For the present work, CFT is treated as a
self-contained continuum theory whose variational principle defines the underlying dynamics.
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3.2. TCP Field Equations
Varying S = [ d*x /=g Lycp with respect to @, yields the full Euler-Lagrange equation

where N, is third order in derivatives and arises from varying the quartic vorticity term. When
vorticity is small compared to the coherence scale, || < (2, the equation reduces to the leading
form

JVV'® 4+ A(D®@* 4-1)P), = O(x), ®)

which acts as the Root Equation governing chronon alignment.

3.3. Linearized Dynamics
Linearizing around a coherent background ®, = ®, + 6®;, with ®,®" = —1 and O"éP, =0
gives
JV, VY60, + Aegtd®,, = O(x), ©6)

where A is the second-variation coefficient of the constraint. In a local rest frame of CTDV,

026®; — c3 V26D, + % 6®; = O(x), )
a manifestly hyperbolic evolution system.
3.4. Emergent Propagation Speed
The corresponding dispersion relation is
W = Gk +mggcy,  mg = Aeit/ ],

so all small-amplitude excitations propagate with the universal constitutive speed

2 _J
%=1 ®)
Subleading O(xk?) corrections arise only near the coherence scale /.

This universality provides the mechanism by which CFT explains the equality of propagation

speeds for gravitational, gauge, and quantum excitations (Sec. 6).

4. Emergent Gravity from TCP

A central prediction of Chronon Field Theory (CFT) is that the Einstein field equations arise not
as postulates but as the long-wavelength, low-vorticity limit of the Temporal Coherence Principle
(TCP). In this view, gravity is the hydrodynamic response of the chronon field ®, to distortions of
causal alignment, in close analogy with emergent-gravity and analogue-gravity frameworks in which
effective geometry arises from collective microscopic behavior [12,45,92].

To formalize this, we assume temporarily that ®,, is hypersurface-orthogonal,

P, V@, =0, ©)

the Frobenius condition [93], which guarantees that spacetime admits a foliation by hypersurfaces X
orthogonal to ®,. This allows V,®, to be decomposed into purely spatial and temporal components
using standard 3 4- 1 geometry techniques [35].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.1. Geometric Decomposition of the Chronon Gradient
Define the induced spatial metric
h‘uy = gl’”’/ + ¢y¢y, h#y¢v - 0,
and the extrinsic curvature of the foliation,
Ky = hihPVa®s, — Ko= K, (10)
together with the acceleration
ay = PV, Py (11)
A standard identity from 3 + 1 decomposition yields the exact relation
Vu®y = Kyy — Ppay, (12)

as presented in canonical references on GR foliation theory [35,93].
This identity is purely kinematical, however, in CFT it becomes dynamical because the TCP
Lagrangian depends directly on V,®,.

4.2. ADM Structure from the TCP Quadratic Term
Substituting (12) into the quadratic TCP energy,

J
Equad = E(VVCDVKVF(DV)/
and using h;,, ®" = 0 gives the decomposition
(V@) (VFOY) = Ky K" — K + ayat + V(- -), (13)

where the divergence term depends on foliation gauge but does not affect the equations of motion.
The combination
Ky KM — K2

is precisely the ADM kinetic term of general relativity, as derived in Refs. [2,100]. Thus the kinematic
part of the Einstein—-Hilbert action emerges directly from chronon alignment dynamics.

4.3. Gauss—Codazzi and the Long-Wavelength Limit

The Gauss—Codazzi identity [35,93] relates the four-dimensional Ricci scalar to the intrinsic and
extrinsic geometry of the slices:

R=0OR+ Ky K — K*— 2V (D', DF — IV, D). (14)

Comparing (14) with the TCP structure (13), we see that the TCP quadratic term becomes dynam-
ically equivalent to the Einstein—Hilbert kinetic term whenever the intrinsic 3-curvature is suppressed:

B)R = O(f2VVR) < R, (15)
i.e., when curvature varies slowly relative to the coherence length /. set by the quartic TCP term

(Appendix A).
Under this coarse-graining, the effective action becomes

Serls] = [ d*x /=g (—£ R +O<K>>, (16)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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which matches the Einstein—Hilbert action at leading order.
4.4. Emergent Newton Constant
Comparing (16) with the standard action
Sgu = L/d‘lx v—gR
1T 16nG ’
yields the identification
1 ] 1
=z, = Getf = 5—- 17
167Ge 2 o~ gq] (17)

Thus the Newton constant is not fundamental—it is the inverse stiffness of the causal medium.
Larger | corresponds to weaker gravitational coupling, exactly as expected in induced-gravity and
emergent-gravity theories [49,71,79].

Variation of the effective action leads to the emergent Einstein equations:

@
Guo = 8mGett Ty, (a8)
with corrections from the quartic vorticity term suppressed when /2R < 1.

4.5. Dynamical Selection of Lorentzian Signature

A notable consequence of CFT is that Lorentzian signature (—,+, 4+, +) emerges as the unique
dynamically stable phase. Expanding the quadratic TCP energy to second order around a coherent
background gives

Ir. o N
28 = E[hlf(at(Scpi)(at(stj) - hlfhkl(vk(sq:i)(vlacpj)] T (19)
analogous to hyperbolicity analyses in relativistic field theory [21,93].

This quadratic form is bounded below only if:

e there is a single distinguished temporal direction, and
e the spatial metric is positive-definite.

Euclidean signature fails to distinguish a causal direction, producing rotational instabilities.
Mixed signatures such as (2,2) yield unbounded spatial-gradient energy and ghostlike excitations.
Thus Lorentzian signature is the only hyperbolically stable phase of the chronon medium.

Summary

The TCP formalism reproduces the full structure of general relativity as the macroscopic hydro-
dynamics of chronon alignment:

¢ the Einstein-Hilbert action emerges from chronon gradient energy;
e Newton’s constant appears as Gegg = 1/(871]);

*  Einstein’s equations follow from coarse-grained variation;

e Lorentzian signature is dynamically selected.

Gravity therefore appears as the elastic response of a deeper causal medium, not a fundamental
quantum field.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Geometric structure induced by the chronon field ®*. Integral curves of ®* generate a foliation of
spacetime into spacelike hypersurfaces %;. The projector hy, = gy + ®;, Py maps tensors onto the transverse
3-surface. The extrinsic curvature K, describes the bending of successive slices, while the acceleration a;, =
@”‘V,,((Dy and vorticity (), characterize deviations from geodesic and irrotational flow.

5. Emergent Quantum Mechanics from TCP

In Chronon Field Theory (CFT), quantum dynamics arise not from canonical quantization or
operator postulates, but from the linearized, phase-coherent regime of the Temporal Coherence
Principle (TCP). When the chronon field undergoes small oscillations about a coherent, stationary
background, the resulting perturbations propagate as hyperbolic waves with a well-defined phase,
analogous to emergent collective excitations in condensed-matter systems [12,92]. The eikonal limit of
these waves yields the Hamilton—Jacobi equation, as in standard WKB theory [16,61], whose paraxial
expansion reproduces the Schrodinger equation. Finally, topological quantization of chronon vorticity
parallels vortex quantization in superfluids and gauge defects [28,70], and fixes the emergent action
unit figeom-

This section derives these results systematically and makes explicit the assumptions under which
quantum theory emerges.

5.1. Linearization and the Hyperbolic Wave Equation

Let @, be a stationary, coherent background satisfying ®,d" = —1. We parametrize small
fluctuations by
<I>,4:d_>y+eg0y, 0<ex 1.

To linearize the TCP equation (5), we work in a local rest frame of the background,
IV, =0, @, =(-1,0,0,0),
and impose the transverse gauge
D'y, =0,

which removes unphysical perturbations along the chronon direction.
Expanding the TCP action to quadratic order gives, for the spatial components ¢;,

1(#i—3V°0) + A =O(), =1, (20)

a hyperbolic wave equation similar to excitations in nonlinear c-models [31,76].

5.2. Eikonal Expansion and the Hamilton—Jacobi Equation

To extract the phase dynamics, we introduce a WKB ansatz for each transverse polarization [16,
54,94]:

@i(x, t) = a;(x,t) exp(elOS(x,t)), O<e k1

Inserting this into (20) produces a hierarchy in powers of €y. The highest-order terms yield the
eikonal equation

A
8" (945)(9yS) = mcd, M = L (21)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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which is precisely the relativistic Hamilton—Jacobi equation familiar from semiclassical gravity [64].

5.3. Paraxial Limit: Nonrelativistic Hamilton—Jacobi Equation
Write the phase as
S(x,t) = —megegt +W(x, t),

and expand (21) in the paraxial limit to obtain

(vw)?

W = — 2m

— Veff (x)/ (22)

eff

the standard nonrelativistic Hamilton—Jacobi equation [33].

5.4. Emergence of Schrodinger Dynamics

Define the wavefunction )
i

P(x,t) = exp( W(x, t)), (23)

hgeom

as in the Madelung hydrodynamic interpretation [15,62].
Using (22) gives

2
. hgeom

o ¥ P Vet (X) ¥, (24)

Z‘hgeom ath -

which is the Schrédinger equation.

Thus nonrelativistic quantum mechanics emerges as the paraxial, phase-coherent limit of chronon
dynamics.

5.5. Topological Origin of the Action Quantum
The vorticity tensor,
QFV = V[HCDV},

defines a flux through any closed two-surface. Single-valuedness of the chronon phase enforces the
quantization rule

Dy = 271 higeom, nelz, (25)

directly analogous to vortex flux quantization in superfluids and superconductors [28,68,70].
Using the coherence scale /. ~ /x/] and the typical vorticity amplitude | Q)| ~ £ 2 yields

hgeom = IXK + O(l)r (26)

up to an order-unity prefactor, similar to geometric quantization of topological defects [92,102].

Summary
Chronon Field Theory yields quantum mechanics through:

hyperbolic chronon waves with universal speed co,
a WKB expansion producing the Hamilton—Jacobi equation,
a paraxial expansion yielding the Schrodinger equation,

Ll

vorticity-flux quantization producing the action unit figeom-

Thus quantum mechanics is the harmonic limit of a deeper causal medium, not a fundamental
postulate.

6. Problems Quantum Gravity Cannot Solve but CFT Can

Traditional quantum-gravity programs—including string theory [36,74], loop quantum gravity
[78,86], spin foams [72], causal sets [14,84], and canonical quantization of the metric [9,22]— begin by

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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treating the spacetime metric as a fundamental degree of freedom. The aim is then to quantize this
metric, either by promoting its components to operators or by summing over discrete geometries in a
path-integral framework.

However, several of the deepest conceptual puzzles motivating quantum gravity concern features
of spacetime that cannot be explained if one starts from a fundamental metric. Any theory that assumes
a metric a priori necessarily inherits:

1.  afixed causal structure (one null cone),
2. afixed action scale (Planck’s constant),
3.  afixed signature (— + ++),

and therefore cannot explain their origins without circularity [18,77].

Chronon Field Theory (CFT) [58,59], by contrast, does not assume a metric. Metric structure,
causal cones, and the action scale emerge dynamically from the coherence properties of the chronon
medium governed by the Temporal Coherence Principle (TCP). This allows CFT to address three
conceptual problems that are inaccessible to metric-first quantum-gravity approaches.

6.1. Universality of the Invariant Speed

In metric-based quantum gravity, all matter and gauge fields are defined to propagate on the same
background geometry. Thus the equalities

Cy = Cg = Cy = Call massless

hold by construction, not explanation. Quantum gravity begins with a Lorentzian metric g,,; therefore
all null cones coincide by definition.

Nothing in such a framework explains why nature has a single universal invariant speed, a point
emphasized in discussions of emergent Lorentz symmetry [12,57].

Chronon Field Theory. In CFT the invariant speed is not postulated. It emerges because all propagating
excitations—gravitational, electromagnetic, quantum, or matterlike—arise from linearized fluctuations
of the same causal substrate ®,,.

The dispersion relation derived in Sec. 5 reads:

=

wzzc‘%kz_}_...’ Cé:

for all small-amplitude perturbations.
Thus:

Call fields — €,

a constitutive property of the chronon medium rather than a geometric axiom.
Metric-first quantum gravity cannot derive the universality of ¢ without assuming it; CFT derives
it from the TCP alone.

6.2. Origin of Planck’s Constant

Canonical quantization, LQG, and string theory all introduce Planck’s constant 7 at the first step,

through the replacement

L1 — 5l

or by inserting i in the worldsheet or canonical action [36,86]. Thus 7 controls the deformation of
classical mechanics but is taken as an assumed input. These approaches cannot answer the conceptual
questions:

Why does an action quantum exist? Why does it have this particular scale?

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Chronon Field Theory. In CFT the action quantum arises from topological properties of the chronon
field, analogous to quantized circulation in superfluids [28,70] and quantized magnetic flux in super-
conductors [87]. The vorticity tensor

O =V, Py

admits a quantized flux:
jg Qpn/ dX* =2mn hgeom/

directly analogous to quantized circulation.
Since stable vorticity excitations have size ¢, and magnitude |Q| ~ ¢ 2 and since £, ~ /x/],
CFT predicts:
hgeom = ]Cq2> ECZI
establishing the analog of Planck’s constant as a property of the causal substrate.

Quantum gravity frameworks cannot derive 7 because they are built using i; CFT derives it from
chronon-flux quantization.

6.3. Stability of Lorentzian Signature

Metric-first approaches assume the Lorentzian signature (—, +, +, +) as part of the kinematic
starting point. Even Euclidean path-integral programs require Wick rotation back to Lorentzian
signature for physical predictions [32]. No mechanism explains why nature selects a Lorentzian causal
structure instead of Euclidean or (2,2) signatures [8,39].

Chronon Field Theory. In CFT the signature is not assumed; it is dynamically selected. The second
variation of the TCP energy yields:

€ =

N —

[(at§¢i)2 — Cé,(vléq)])ﬂ +-ee

For stability:

e  there must be exactly one negative direction (time),

*  spatial directions must be positive,

*  Euclidean signature produces elliptic evolution,

*  (2,2) signature yields ghosts and unbounded gradient energy, consistent with general results on
signature stability [13,98].

Thus the Lorentzian signature is the unique stable phase of the chronon medium.

Summary

Metric-based quantum gravity frameworks begin by assuming the basic structures of spacetime: a
universal null cone, a fixed action quantum, and a Lorentzian signature. They therefore cannot explain
these structures without circularity.

Chronon Field Theory, based on a real causal substrate with constitutive parameters (], A, k),
explains all three as emergent:

1. A universal invariant speed cg arises from chronon-wave dispersion.
2. Anaction quantum figeom arises from vorticity flux quantization.
3.  Lorentzian signature is the unique dynamically stable phase of the chronon medium.

These are not postulates but unavoidable consequences of the Temporal Coherence Principle.

7. Phenomenological Consequences

Chronon Field Theory (CFT) predicts small but potentially observable O(x) corrections to the
propagation of massless excitations. Although the TCP dynamics reproduce exact local Lorentz
invariance at leading order—via the comoving concealment mechanism—the quartic vorticity term
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introduces suppressed higher-derivative operators, analogous in structure to dimension-6 operators
in the Standard Model Extension (SME) and EFT treatments of Lorentz-violating dispersion [5,52].
These produce tiny dispersive effects whose influence can accumulate across cosmological distances, a
scenario already heavily constrained in astrophysical analyses [26,80].

This section summarizes the most promising observational signatures and the assumptions under
which they arise.

7.1. Vacuum Dispersion from the TCP Equation
The quartic vorticity term in the TCP Lagrangian,

[,04 = (QWQ;W)ZI

A~ =

generates higher-derivative corrections in the linearized equation for transverse excitations. To leading
order in «, the corrected dispersion relation takes the form

w? = 3K [1 o (i/A) K+ O(KZ)}, 27)

where « = O(1) depends on polarization and background foliation. This same k* structure appears in
Lorentz-violating dispersion analyses in quantum-gravity phenomenology [57,63], but here it is not an
EFT addition: it arises directly from the TCP action.

The corresponding group velocity is

vg(w) = %‘;{’ ~ co [1 +B(x/A) wz}, g=0(1). (28)

Thus, all massless excitations propagate at the universal speed cg to leading order, but acquire a
frequency-dependent O(x) correction. The equivalent refractive index,

n(w) := ‘o ~1-B(k/A)?, (29)

resembles SME-type dispersion but is derived from the TCP rather than added by hand.

7.2. Cosmological Accumulation and Order-of-Magnitude Estimates

For a signal emitted at frequency w and propagating over a distance D along a nearly homoge-
neous background, the arrival-time difference between two frequencies wj and w, is

(@ —wh) 2, (30)

At >~ B @

> =

neglecting redshift corrections. Similar expressions appear in QG-dispersion analyses of gamma-ray
bursts and FRBs [5,26].

For a bright FRB at redshift z ~ 1 (D ~ 3 x 10% cm), with frequencies w; = 1GHz and w; =
10 GHz and timing precision ¢; ~ ms, we obtain

4 K/A

FRB analyses already constrain similar dispersive effects at 10~4~10~3 s precision [73,101].
The CFT prediction scales as At « w?, in sharp contrast to plasma dispersion (« w~2), allowing a
clean observational discriminant.
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7.3. Candidate Observational Tests

The combination x /A governs the quartic vorticity term across all massless excitations, yielding a
cross-channel suite of observational tests.

e  Photon-gravitational-wave coincidence from compact mergers.
Timing analyses such as GW170817 [37] constrain frequency-dependent photon/GW delays at the
ms level across D ~ 40 Mpc. Next-generation events out to 500 Mpc can probe the CFT-predicted
delay scaling At o w?.
¢ Fastradio bursts (FRBs).
Sub-ms timing at 1-30 GHz [73] makes FRBs an ideal probe. Stacked analyses across many bursts
suppress systematics [101]. The CFT signature is orthogonal to standard astrophysical dispersion.
e  High-energy neutrinos from cosmological transients.
IceCube observations of PeV-scale neutrinos from blazars and GRBs [46] already constrain multi-
messenger timing at ~seconds across Gpc distances. If neutrino-like excitations couple differently
to O, their arrival structure provides a complementary bound.

All these tests constrain the same underlying quantity /A, providing a unified phenomenological
window into the causal substrate described by the Temporal Coherence Principle.

8. Discussion: Unification by Emergence

The central claim of this work is that the long-standing tension between General Relativity (GR)
and Quantum Mechanics (QM) is not a fundamental inconsistency in nature, but a consequence
of treating the spacetime metric as a microscopic degree of freedom. A wide range of emergent-
gravity ideas—including analogue-gravity frameworks [12], induced gravity [79], entropic approaches
[49], and holographic dualities [91]—suggests that geometric variables may play a collective or
hydrodynamic role. Chronon Field Theory (CFT), based on the Temporal Coherence Principle (TCP),
implements this idea explicitly: a single dynamical field ®, produces geometry, gravity, gauge
interactions, and quantum behavior as complementary limits.

Under the TCP, the apparent diversity of physical laws reflects different coherence, curvature, and
wavelength regimes of a single substrate. In this sense, GR and QM emerge from the same physical
mechanism, and the metric is a derived quantity akin to hydrodynamic variables in a fluid.

8.1. Gravity and Quantum Mechanics as Complementary Limits

In the low-curvature, slowly varying regime, the quadratic part of the TCP Lagrangian reproduces
the Einstein—Hilbert action with an effective Newton constant Gegg = 1/(87]), showing that GR is
the hydrodynamic limit of temporal alignment. Related hydrodynamic derivations of gravitational
dynamics appear in entropic and thermodynamic approaches [49,71].

In the high-coherence, long-wavelength regime, linear excitations of ®, satisfy a Hamilton—Jacobi
relation whose eikonal expansion yields the Schrodinger equation, following the logic of quantum-
from-ensemble and WKB emergent approaches [20,38,66]. The resulting geometric action quantum
figeom arises topologically from chronon vorticity.

Thus quantum theory and gravity appear not as incompatible frameworks but as distinct macro-
scopic approximations of a single microscopic principle.

8.2. Geometry as a Derived Quantity

The metric g,y arises from correlation properties of the chronon field rather than serving as a
fundamental input. This view coheres with induced-gravity and analogue-gravity programs [12,79],
which likewise interpret metric geometry as a collective descriptor.

Lorentzian signature and the invariant speed cg = v/J/A emerge naturally from stability of the
chronon medium, paralleling arguments in analogue systems where causal cones arise from dispersion
relations [12]. Because all fields, detectors, and excitations arise from the same substrate, a comoving-
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concealment mechanism enforces operational Lorentz symmetry, similar in spirit to the equivalence of
co-moving frames in condensed-matter analogues.

8.3. The Need for a Causal Substrate

A substrate-based view resolves several conceptual puzzles that plague metric-first quantum
gravity:
* the universality of the invariant speed,
¢ the absence of experimental evidence for quantized geometry [26],
. the perturbative nonrenormalizability of GR [17,23],
¢ the natural emergence of Lorentzian signature.

These features follow automatically from the TCP equation and need not be imposed.

8.4. Beyond Gravity and Quantum Mechanics

CFT extends the emergent perspective to gauge interactions and hydrodynamics. Appendix A
shows how:

e U(1) and SU(2) gauge fields arise from transverse holonomies of ®,,
¢ Yang-Mills equations emerge from the antisymmetric sector of the TCP,
¢  Navier-Stokes equations arise in the dissipative limit.

This reinforces the interpretation of CFT as a unified causal substrate from which diverse physical
laws emerge as effective limits.

8.5. Conceptual Implications

CFT reframes the goal of unification. Rather than quantizing the metric or searching for a
fundamental graviton, one identifies the underlying field whose coherence dynamics generate both
GR and QM. The perceived incompatibility between the two theories then dissolves: they are distinct
windows onto the same causal medium.

Unification in this picture occurs not through quantization of geometry but through emergence
from a single coherence principle. “Gravity and quantum theory are complementary limits of one
substrate” becomes a structural rather than philosophical statement.

Hierarchy of Emergent Physics from TCP

Quantum Mechanics
WKB — HJ — Schr.; figeom

!

Gauge Theory (SU(2), U(1))
Holonomy of transverse bundle; Fy,y,

f

Emergent Geometry (GR)
Einstein—Hilbert limit; Gegr ~ 1/]

f

Chronon Field + TCP
®,;; causal alignment dynamics

Figure 2. Compact schematic of the emergent hierarchy in Chronon Field Theory. The chronon field @, and the
TCP action form the microscopic substrate. General relativity, gauge theory, and quantum mechanics appear as
successive large-scale limits: geometric alignment (GR), holonomy of transverse polarization (SU(2), U(1)), and
paraxial/topological phase structure (quantum mechanics).
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9. Conclusion

The historical pursuit of quantum gravity has rested on the assumption that the spacetime metric
must be quantized to reconcile GR with QM. This paper has argued that this assumption is unnecessary.
In Chronon Field Theory, the metric is not fundamental but an emergent descriptor of the coherent
regime of a causal medium. General Relativity and Quantum Mechanics arise as different limits of the
same underlying TCP dynamics, eliminating the need for metric quantization altogether.

CFT therefore achieves the conceptual goal long sought by quantum gravity programs: a unified
origin for gravitational, quantum, gauge-theoretic, and hydrodynamic laws. Instead of quantizing
spacetime, one recognizes geometry itself as an emergent manifestation of temporal alignment in the
chronon field.

This perspective not only resolves long-standing conceptual tensions but opens new directions
for theory and phenomenology. If geometry is emergent, the true task is to understand the causal
substrate from which it arises. CFT provides a concrete proposal for this substrate and a coherent path
toward a unified description of the fundamental interactions.

A. Gauge and Hydrodynamic Limits of the TCP Equation

This appendix provides a unified derivation of gauge fields and fluid dynamics as distinct long-
wavelength limits of the Temporal Coherence Principle (TCP). No additional assumptions beyond
those stated in Secs. 3—4 are required. Throughout, indices are raised and lowered with the emergent
metric g,y induced by the coherent phase of ®,,.

We take ), = @, (x) to be a smooth, unit, future-directed covector,

D, = 1,

governed by the TCP Lagrangian

A K
Ltcp = %(VVCDV)(V”CDV) _ Z(CDMCW + 1)2 + Z(QWQ}“’)Z, qu = V[VCDV],

consistent with nonlinear sigma-model and frame-bundle constructions [29,40,65].

A.1. Gauge Structure from Transverse Holonomy
A.1.1. Transverse Bundle and Induced s0(3) Connection

Define the spatial projector
hyy == guv + Py, hyy @ = 0.
Choose an orthonormal triad E;* (i = 1,2, 3) satisfying
hwE!E}" = &3, Ef®, =0.
Parallel transport along g, induces an s0(3) spin connection [29,65]:
A =E,V,EY, AT =-AJ.

Its curvature,
GW’] = GVAV” — BVAV’] + [AH,AV]”,

is precisely the SU(2) gauge field strength [90,99].
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Abelian subbundle.

Any orthonormal 2-frame {e?l), e’é)} C @ defines an SO(2) ~ U(1) subbundle, reproducing
the tetrad-based construction of electromagnetism [12,40]. Parallel transport yields

Vyel(ll) = +AH 61(/2); v’,{el(lz) = —Ay el(/l)/

with abelian curvature
Fp = E)HAV - BVAV.

A.12. Curvature as Projected Chronon Vorticity

Projection of (), into a transverse polarization plane yields [12]

Fuv = €™ (e(0) tagy) (e0)Pgu)) Qp-

The nonabelian case is

Gl = E'uEl g™ 1P Q.

A.1.3. Yang-Mills Equations from the Antisymmetric TCP Sector

The antisymmetric part of the TCP Euler-Lagrange equation gives
JD,GH = O(K)/ Dy(') = Vy(') + [AIU ']/
reproducing the Yang-Mills system [95,99]
D,G* =0, DGy = 0.
Restriction to a single polarization plane recovers Maxwell theory [48].

A.1.4. Flux Quantization and the Geometric Action Scale

Holonomy quantization over any closed surface X follows the sigma-model and monopole
quantization condition [75,85]:

72 Fu dS" = 27tnhigeom, 1 € Z.
Matching minimal projected vorticity gives
higeom = J g L2

A.2. Hydrodynamic Limit and Navier—Stokes Structure
A.2.1. Coarse-Graining and Effective 4-Velocity

On scales >> /., fluctuations coarse-grain to the effective fluid 4-velocity
uy = (Dy), uut = —1,
consistent with relativistic hydrodynamic reduction [41,56]. Define macroscopic vorticity
Qv := V.
Averaging TCP dynamics yields the effective evolution equation
Ju'V, (Vaul) + €V, [(meﬁ)v[vuﬂq = W' Vi Ti, (31)

consistent with effective fluid theories [30,83].
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A.2.2. Nonrelativistic, Slow-Time Reduction

Assume
ut ~ (1,v/co), [v] < co.

Then (31) reduces to the incompressible Navier-Stokes equation [56]:

Viv=_v(? 2 _I
v+ (v-V)v= (p>+vv v, V=

A.2.3. Dissipation and the Second Law
The TCP energy functional satisfies a gradient-flow-type descent relation [19,69]:

Z—f = —]/\/jg(VyCDV)(Vf‘Cb")d‘*x <0.

Coarse-graining yields the standard relativistic entropy-production law [56]:
TV (sut) =215 5,,S", n=7.

A.2.4. Relaxation Scales

Competition between quadratic and quartic gradients sets

2 x
be~K/], TCNVZT’

similar to relaxation in nonlinear sigma-model fluids [67].

A.3. Summary

e SU(2) and U(1) gauge fields arise as holonomies of the transverse polarization bundle of ®,,.

*  Their field strengths are frame-projected components of the chronon vorticity ().

¢ The antisymmetric TCP dynamics reproduce Maxwell and Yang-Mills equations to leading order.

¢  Flux quantization yields the geometric action scale 7igeom.

*  Coarse-grained TCP dynamics reduce to Navier-Stokes flow with viscosity v = J/A.

*  The TCP energy functional obeys a strict energy-descent law, implying irreversible entropy
production.

Gauge theory and hydrodynamics thus emerge as complementary limits of the same temporal-
alignment dynamics.
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