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1. Introduction

Foundational frameworks in physics often begin with axioms whose plausibility is taken to
be self-evident, mathematically convenient, or philosophically motivated. However, when
such axioms play a decisive role in excluding entire classes of physical ontologies—as in no-
go theorems or uniqueness results—their status requires careful scrutiny. Are they merely
assumptions, or do they encode empirical regularities that the universe itself appears to
enforce?

In prior work, we proved that any operationally grounded physical theory satisfying four
minimal constraints—finite perfect distinguishability, operational time, no surplus structure,
and finite accessible information—admits a unique canonical projection onto a bit—tick
substrate. That result establishes a structural no-go theorem: any alternative ontology must
violate at least one of these constraints or collapse to the same operational core.

The present paper addresses a complementary and necessary question:

Does the observed universe, as accessed through successful physical theories and
experiments, in fact satisfy these four axioms?

Importantly, this is not a metaphysical claim about the ultimate nature of reality. We do not
attempt to prove that the universe is fundamentally discrete, informational, or composed of
bits and ticks "in itself." Instead, the question is operational and empirical:

Does all empirically successful physics behave as if these axioms hold, across all tested
regimes?

If so, then the axioms are not arbitrary foundations but empirical invariants—constraints
distilled from the way nature actually permits information to be stored, transmitted,
distinguished, and temporally ordered.

This distinction is crucial. Physics does not gain credibility by asserting unverifiable
ontological primitives. It gains credibility by identifying constraints that any viable
description of the world must respect. General relativity does not prove that spacetime "really
is" a Lorentzian manifold; it proves that any theory reproducing observed relativistic
phenomena must behave as if it were. Likewise, quantum mechanics does not prove that
Hilbert space is metaphysically fundamental; it proves that successful theories must
reproduce its operational structure.
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In that same spirit, this paper evaluates each of the four bit—tick axioms against established
empirical evidence drawn from quantum theory, relativity, thermodynamics, information
theory, and experimental practice. For each axiom, we ask three concrete questions:

1. Is the axiom respected by all empirically successful physical theories?
2. Is there any experimental evidence that contradicts it?

3. Ifthe axiom were violated, would we expect observable phenomena that are not, in
fact, observed?

Our goal is not to assume the axioms, but to test whether the universe appears to enforce
them.

If the answer is yes, then the bit—tick substrate theorem does not merely describe a logically
consistent framework—it describes the only kinematic structure compatible with how nature
actually behaves under finite experimental access.

2. What Counts as Empirical Support for an Axiom?

Before evaluating whether the universe satisfies the four bit—tick axioms, it is essential to
clarify what it means for an axiom to be empirically supported in fundamental physics.

In foundational contexts, axioms are rarely confirmed by direct measurement. Instead, they
are justified indirectly, by demonstrating that all empirically successful theories and
experimental practices conform to them, and that systematic violations would lead to
observable consequences that are not, in fact, observed.

This distinction mirrors well-established practice in physics. For example, Lorentz invariance
is not measured by observing spacetime directly; it is inferred from the consistent failure to
detect preferred frames across a wide range of experiments. Likewise, the Hilbert space
structure of quantum mechanics is not observed as an ontological object, but is validated
through its necessity for reproducing interference, superposition, and probabilistic
measurement statistics.

In this sense, axioms function as empirical constraints rather than metaphysical postulates.
An axiom is empirically justified if:

1. All experimentally confirmed physical theories respect it within their domains of
validity;
2. No reproducible experiment has demonstrated a violation; and

3. Violations would entail concrete, testable phenomena that are conspicuously absent
from observation.

The bit-tick axioms are evaluated in precisely this manner. We do not claim that the universe
is fundamentally discrete, informational, or composed of bits and ticks as an ontological fact
independent of observation. Rather, we claim that the universe behaves, under all finite
experimental access, as if these axioms hold.
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This operational framing is crucial. Physics is constrained by what can be prepared,
measured, distinguished, and recorded using finite physical resources. Any proposed
violation of an axiom must therefore correspond to a physically realizable experimental
protocol, not merely a mathematical idealization.

Throughout this paper, an axiom will be regarded as empirically supported if its negation
would imply at least one of the following:

* Infinite information extraction from finite-energy systems;
* Arbitrarily precise discrimination using finite resources;
* Physically meaningful temporal structure without clocks or recorded events; or

* Observable distinctions that no experiment could, even in principle, access.

Each of these implications would constitute a radical departure from established physics and
experimental practice. Their persistent absence across quantum, relativistic, thermodynamic,
and information-theoretic regimes therefore constitutes positive evidence for the axioms.

2.1 Against the Charge of Tautology

One might object that the axioms are definitional rather than empirical—that we have simply
characterized "physical" in such a way that the axioms hold by stipulation. This objection
misunderstands the structure of the claim.

Each axiom makes a substantive empirical assertion that could, in principle, be false.
Consider:

Axiom 1 would be false if a finite-energy system admitted infinitely many perfectly
distinguishable states. This is a concrete physical possibility—there is no logical
contradiction in a universe where bounded regions have unbounded state capacity. The fact
that our universe does not exhibit this behavior is an empirical discovery, not a logical
necessity.

Axiom 2 would be false if temporal intervals had physical meaning independent of clock
processes. One can coherently imagine a universe with a privileged, observer-independent
time parameter that is directly measurable without any physical clock. Our universe does not
appear to be of this kind.

Axiom 3 would be false if gauge-related configurations yielded different experimental
outcomes. This is logically possible; it simply does not occur in any tested physical theory.

Axiom 4 would be false if finite-energy experiments could extract infinite information. No
logical principle forbids this; it is simply not observed.

The axioms are therefore not definitions but contingent constraints that the universe happens
to enforce. They summarize regularities that have been discovered through physical
investigation, not stipulated in advance.
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Furthermore, the axioms are conjunctions of many specific sub-claims. Axiom 4, for
instance, encodes Shannon's capacity theorems, Landauer's principle, the Holevo bound,
quantum speed limits, and practical experimental limitations—each of which is
independently testable and could fail independently. The conjunction of these constraints is
not a single unfalsifiable posit but a package of interlocking empirical claims, any of which
could be violated.

With this criterion in place, we now examine each axiom in turn, beginning with finite
perfect distinguishability in bounded physical systems.

3. Axiom 1: Finite Perfect Distinguishability in Bounded Physical Systems

Axiom 1 states that any physically realizable system confined to a bounded region with
bounded energy admits only a finite number of mutually perfectly distinguishable states. This
axiom does not assert that all physically distinct states are finite in number, nor that
continuous parameters are absent from physical descriptions. It asserts a narrower and
empirically grounded claim: that perfect, error-free discrimination is finite under physical
constraints.

The distinction between perfect distinguishability and operational distinguishability is
essential. Perfect distinguishability means that there exists a measurement that can, with
certainty (probability one), assign different outcomes to different states in a single shot. Many
physical theories admit infinitely many states that are operationally distinct in principle, but
only finitely many that are perfectly distinguishable.

Quantum mechanics provides a canonical example. A qubit admits a continuum of

preparation procedures parameterized by the Bloch sphere, yet only two states—orthogonal
eigenstates of a given measurement context—are perfectly distinguishable. No experiment,
regardless of ingenuity, can perfectly discriminate more than these two states without error.

3.1 Multiple Independent Lines of Evidence

The empirical support for Axiom 1 derives from multiple independent sources, ensuring that
the axiom does not depend on any single theoretical framework.

Gravitational and thermodynamic bounds. Black-hole thermodynamics establishes that
the entropy S of a bounded region with total energy E and linear size R is finite and bounded
above. The Bekenstein bound and its refinements imply that the number of mutually perfectly
distinguishable states {2 compatible with such a region satisfies Q < oo, since S = ks In Q.
While rigorous derivations exist only for restricted cases (spherically symmetric, weakly
gravitating systems), no counterexamples have been found, and the bound is consistent with
all known semiclassical results.

The holographic principle provides additional, independent motivation from gravitational
physics, asserting that the maximum information content of a region scales with its boundary
area rather than its volume. While the holographic principle remains a conjecture at the
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deepest level, it is consistent with all known results in semiclassical gravity and string theory,
and no counterexamples have been observed.

Quantum spectral theory. The finiteness of perfect distinguishability can also be established
independently of gravitational considerations. In non-relativistic quantum mechanics, any
system confined to a finite spatial region with finite energy has a discrete spectrum with finite
degeneracy below any energy cutoff. This is a standard result of spectral theory for
Schrédinger operators with confining potentials, and it implies that the number of orthogonal
(perfectly distinguishable) states accessible at bounded energy is finite.

Thermodynamic consistency. Thermodynamic consistency alone demands finite
distinguishability. If a bounded system admitted infinitely many perfectly distinguishable
states at finite energy, its entropy would diverge, violating the third law of thermodynamics
and enabling unbounded information storage without unbounded energy cost. The
equilibrium statistical mechanics of such a system would be undefined, as partition functions
would fail to converge. No physical system exhibits this pathology.

Additional theoretical support. Finite-dimensional state spaces also appear in approaches to
quantum gravity such as loop quantum gravity, where area and volume operators have
discrete spectra. These provide additional theoretical motivation independent of holography.

We emphasize that Axiom 1 requires only finite perfect distinguishability, not any specific
scaling law (area vs. volume). The holographic principle makes the stronger claim that
distinguishability scales with boundary area; Axiom 1 is agnostic on this point and survives
even if holography is false, provided only that quantum mechanics, thermodynamics, or any
combination of entropy bounds remains valid.

3.2 Experimental Status

Crucially, no experiment has ever demonstrated infinite perfect distinguishability within a
bounded system at finite energy. Claims of infinite state capacity invariably rely on
idealizations—continuous variables with infinite precision, unbounded energy spectra, or
measurements requiring infinite resolution—that are not physically realizable.

If Axiom 1 were violated, the consequences would be dramatic and observable. A bounded
region could encode infinitely many perfectly distinguishable messages, enabling arbitrarily
large information storage and retrieval at fixed energy. Entropy bounds would fail, black-hole
thermodynamics would collapse, and finite-energy systems could function as infinite-
capacity memory devices. None of these phenomena are observed.

Instead, every experimentally successful physical framework respects finite perfect
distinguishability. Quantum theory, relativistic field theory, thermodynamics, and
information theory all converge on the same constraint: perfect discrimination is a scarce and
bounded resource.
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We therefore conclude that Axiom 1 is not an arbitrary assumption but a distilled empirical
regularity. The universe, as probed by all existing experiments, behaves as if bounded
physical systems admit only finitely many perfectly distinguishable states.

4. Axiom 2: Operational Time and the Primacy of Clocks

Axiom 2 asserts that time is not a primitive background parameter, but an operational
quantity defined by what physical clocks measure. This axiom does not deny the usefulness
of continuous time parameters in theoretical models; rather, it claims that any physically
meaningful notion of time must ultimately be grounded in recorded sequences of physical
events.

Empirically, this principle is not controversial. Every experimental determination of time—
across all domains of physics—relies on clocks: systems that undergo reproducible physical
transitions and record them as ordered sequences. Atomic clocks count oscillations of
electronic transitions; radioactive clocks count decay events; mechanical clocks count
periodic motions. There is no operational access to time independent of such physical
processes.

Relativity theory elevates this operational status of time to a foundational principle. In both
special and general relativity, time is not a universal parameter shared by all observers.
Instead, each observer carries a clock along their worldline, and the invariant temporal
quantity is the proper time recorded by that clock. Time dilation, gravitational redshift, and
the relativity of simultaneity are all experimentally verified consequences of this clock-
centered definition.

Modern technology provides striking confirmation. Global Positioning System (GPS)
satellites require relativistic corrections based on differences in clock rates between satellites
and ground-based receivers. Without treating time as what clocks measure—and without
accounting for their physical trajectories and gravitational environments—GPS would fail
catastrophically. No appeal to an observer-independent background time can replace this
clock-based description.

Even in quantum mechanics, where the Schrodinger equation uses a continuous time
parameter, all measurements reduce to discrete detector clicks or pointer positions. The
continuous parameter serves as a mathematical convenience for interpolating between
operationally accessible events.

Axiom 2 also clarifies the structure of temporal ordering. Along any given worldline,
recorded clock events form a totally ordered sequence. This ordering, rather than any
continuous real-valued parameter, is the primary physical content of time measurement.
Continuous time variables function as convenient interpolations or reparametrizations of this
discrete event structure, calibrated to clock behavior.

4.1 Compatibility with Timeless Quantum Gravity
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A potential objection arises from approaches to quantum gravity that suggest time is absent at
the most fundamental level. The Wheeler-DeWitt equation, for example, is time-independent,
and some interpretations of quantum gravity treat the universe as a fundamentally static
structure from which time emerges.

This is not in conflict with Axiom 2. The axiom asserts that physically meaningful time is
grounded in operational clocks—not that a time parameter must appear in fundamental
equations. If time is emergent, it emerges through correlations between subsystems that
function as clocks for one another. The Page-Wootters mechanism exemplifies this: a "clock
subsystem" becomes entangled with a "system of interest," and the conditional state of the
system given the clock reading reproduces time-dependent dynamics. Time is thereby defined
operationally through internal correlations, exactly as Axiom 2 requires.

Indeed, the timeless formulation of quantum gravity strengthens the case for Axiom 2. If
even fundamental physics can dispense with a primitive time parameter and recover temporal
structure through operational clock correlations, then the axiom captures something deep
about the status of time: it is not a background structure but an emergent operational relation.

If Axiom 2 were violated, one would expect observable phenomena in which time could be
measured independently of physical clocks, or in which temporal intervals had physical
meaning without corresponding transitions or records. No such phenomena have ever been
observed. All attempts to operationalize time ultimately reduce to counting or comparing
physical events.

Importantly, Axiom 2 does not deny the mathematical utility of continuous time in field
theories or differential equations. It asserts only that the empirical content of time resides in
clock records. Under finite experimental resolution, arbitrarily fine subdivisions of time have
no operational meaning beyond the resolution of the clocks used to measure them.

We therefore conclude that Axiom 2 accurately reflects the empirical role of time in physics.
The universe behaves, in all tested regimes, as if time is defined by physical clocks and their
recorded sequences of events, not by an independently existing temporal parameter.

5. Axiom 3: No Surplus Structure Beyond Operational Access

Axiom 3 asserts that a physical ontology should not posit distinctions that are, even in
principle, inaccessible to all possible experiments. This axiom does not deny the existence of
rich mathematical structure in physical theories, nor does it require an anti-realist stance
toward theoretical entities. Rather, it formalizes a methodological principle already deeply
embedded in successful physical practice: that physically meaningful distinctions are those
that make a difference to observable outcomes.

This principle is most clearly illustrated by the role of gauge symmetry in modern physics.
Gauge-related configurations—such as vector potentials differing by a gradient, or field
configurations related by a gauge transformation—are treated as physically equivalent
because no experiment can distinguish between them. The surplus mathematical structure is
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retained for calculational convenience, but it is explicitly quotiented out when identifying
physical states.

General relativity provides a parallel example. Different coordinate descriptions of the same
spacetime geometry are not regarded as physically distinct realities. Diffeomorphism-related
metrics represent the same physical situation, and observable quantities are defined only up to
this equivalence. The manifold coordinates themselves are not observables; only
diffeomorphism-invariant relations are.

Quantum mechanics similarly enforces the elimination of surplus structure. Global phase
factors of wavefunctions have no observable consequences and are therefore treated as
physically meaningless. More subtly, different decompositions of a quantum state into basis-
dependent amplitudes do not correspond to distinct physical states unless they lead to
different measurement statistics.

In all these cases, physics proceeds by identifying an operational equivalence relation on its
mathematical descriptions and treating equivalence classes—not individual representatives—
as the physical states. Axiom 3 simply elevates this practice to an explicit foundational
requirement.

5.1 The Aharonov-Bohm Effect and the Reality of Gauge Structure

A potential objection to Axiom 3 concerns the explanatory role of gauge structure. In the
Aharonov-Bohm effect, electrons passing through a region of zero electromagnetic field
nonetheless exhibit interference patterns that depend on the enclosed magnetic flux. This is
sometimes interpreted as evidence that the vector potential Ay has physical reality beyond the
gauge-invariant field strength Fyv.

However, closer analysis reveals that the Aharonov-Bohm effect depends only on the
holonomy—the gauge-invariant line integral $A, dx* around a closed loop. This quantity is
fully gauge-invariant and operationally measurable through interference experiments. The
vector potential itself remains a representational convenience; different gauge choices yield
the same holonomy and the same physical predictions. The Aharonov-Bohm effect therefore
supports, rather than undermines, Axiom 3: what matters physically is the gauge-invariant
structure, not the surplus gauge-dependent description.

More generally, Axiom 3 does not claim that gauge theories are useless or eliminable. It
claims that physically meaningful distinctions—those that produce different experimental
outcomes—are exhausted by gauge-invariant quantities. The mathematical apparatus of
gauge fields, fiber bundles, and connection forms remains indispensable for formulating
theories and performing calculations. The axiom concerns ontological commitment, not
calculational practice.

A parallel case arises in general relativity. Coordinate descriptions assign different numerical
values to tensor components in different frames, yet no physical observable depends on this
choice. Diffeomorphism-invariant quantities exhaust the physical content. Critics who defend
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the reality of coordinate-dependent structure must explain what experiment could distinguish
between diffeomorphism-related configurations. No such experiment exists.

If Axiom 3 were violated, one would expect empirically detectable consequences of
unobservable distinctions. Physical predictions would depend on features of a theory that no
experiment could ever access or manipulate. Such frameworks would be unfalsifiable in
principle, and therefore incompatible with the methodological foundations of science.

No successful physical theory exhibits this pathology. When surplus structure appears, it is
consistently identified as gauge, redundancy, or representational freedom, and physical
claims are formulated only in terms of equivalence classes under the relevant operational
relation.

It is important to emphasize that Axiom 3 does not forbid speculative ontology. It constrains
what counts as physically meaningful within a theory's empirical domain. One may posit
additional structure for heuristic or mathematical reasons, but such structure carries no
physical weight unless it can be operationally accessed.

We therefore conclude that Axiom 3 reflects not an optional philosophical preference, but a
core empirical discipline of physics. The universe, as successfully described by our best
theories, behaves as if only operationally accessible distinctions carry physical significance.

6. Axiom 4: Finite Accessible Information Under Finite Resources

Axiom 4 asserts that for any experiment performed with finite physical resources—finite
energy, finite duration, finite apparatus size, and finite control precision—the amount of
information that can be extracted about a physical system is finite. This axiom does not claim
that nature itself is finite in all respects; it claims that operational access to distinctions is
fundamentally resource-bounded.

Unlike the previous axioms, Axiom 4 is supported by multiple, independent empirical and
theoretical pillars that span information theory, thermodynamics, quantum mechanics, and
experimental practice. Remarkably, these lines of evidence converge on the same conclusion
despite originating in different domains.

From classical information theory, Shannon's channel capacity theorem establishes that a
communication channel with finite bandwidth, finite signal power, and nonzero noise has a
finite maximum information transmission rate. No engineering system has ever violated this
bound, and doing so would enable arbitrarily large information transfer using finite physical
resources.

Thermodynamics provides an independent constraint. Landauer's principle states that erasing
one bit of information requires a minimum energy dissipation of ks T In 2. Conversely,
reliably distinguishing and storing information requires expending physical resources to
overcome thermal noise. If infinite information were accessible at finite energy, finite
memory devices could store unbounded data without cost, contradicting both theory and
experiment.
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Quantum mechanics reinforces this finiteness through the Holevo bound, which limits the
amount of classical information that can be extracted from quantum states, regardless of the
measurement strategy employed. Even when quantum systems are prepared in continuous
families of states, the extractable classical information under finite measurements is strictly
bounded.

Further constraints arise from quantum speed limits, such as the Margolus—Levitin theorem
and Mandelstam—Tamm bounds, which limit the rate at which a physical system can evolve
between distinguishable states at finite energy. These bounds imply that only finitely many
reliably distinguishable operations can be performed in a finite time interval.

Beyond formal bounds, experimental practice imposes additional finiteness. Any real
experiment has a finite outcome alphabet, finite sampling budget, finite statistical resolution,
and finite specification and control of preparation procedures. Devices must be built,
calibrated, stabilized, and read out using finite resources, placing hard limits on
distinguishability in practice.

These considerations are not artifacts of specific theoretical frameworks. They reflect
convergent empirical facts about how information behaves in the physical world. No
reproducible experiment has ever demonstrated infinite information extraction from a finite-
energy system, nor arbitrarily fine discrimination at fixed resources.

If Axiom 4 were violated, the consequences would be immediate and unmistakable. Finite-
energy systems could serve as infinite-capacity memories; arbitrarily precise measurements
could be performed without increasing resources; and communication channels could
transmit unbounded information in finite time. Such phenomena would revolutionize physics
and engineering. Their absence across all tested regimes constitutes strong positive evidence
for the axiom.

We therefore conclude that Axiom 4 is not a speculative assumption but an empirically
entrenched constraint. The universe, as accessed through all known physical processes and
experiments, behaves as if the information accessible under finite resources is fundamentally
finite.

7. Consilience: Why the Four Axioms Converge

Individually, each of the four axioms is well supported by empirical evidence and standard
physical practice. More striking, however, is the fact that they converge from independent
domains of physics. They are not ad hoc assumptions introduced to support a particular
framework; they are constraints repeatedly rediscovered under different theoretical and
experimental pressures.

Axiom 1 arises from gravitational and thermodynamic considerations, where entropy bounds
and black-hole physics enforce finite perfect distinguishability in bounded regions. Axiom 2
emerges from relativity and the operational analysis of time, where clocks and proper time
replace any notion of a universal temporal parameter. Axiom 3 reflects the methodological

10
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discipline of modern physics, crystallized in gauge symmetry, diffeomorphism invariance,
and the systematic elimination of unobservable structure. Axiom 4 is enforced by information
theory, thermodynamics, quantum mechanics, and the finite nature of experimental control.

These axioms therefore originate from distinct problem domains: gravity, relativity, quantum
theory, information theory, and experimental practice. Their convergence on a common
operational constraint structure is not the result of circular reasoning, but of consilience—
independent lines of evidence pointing to the same conclusion.

7.1 Logical Independence of the Axioms

To verify that the axioms are logically independent, we note that one can construct toy
models satisfying any three while violating the fourth:

* A classical system with continuous phase space satisfies A2, A3, and A4 but violates
A1 (infinite perfectly distinguishable states exist in principle, though not operationally
accessible).

* A universe with a Newtonian absolute time satisfies A1, A3, and A4 but violates A2
(time exists as a primitive parameter independent of clocks).

* A theory with observable gauge-dependence would satisfy Al, A2, and A4 but violate
A3 (surplus structure would carry physical weight).

* A hypothetical hypercomputer with infinite precision at finite energy satisfies A1, A2,
and A3 but violates A4 (infinite information would be extractable).

The fact that our universe satisfies all four simultaneously is therefore a substantive empirical
conjunction, not a logical triviality.

Importantly, none of the axioms presupposes the others. Finite perfect distinguishability does
not imply finite accessible information; operational time does not imply entropy bounds; the
elimination of surplus structure does not by itself enforce finiteness. Only when all four are
jointly imposed does the operational core of physics become finite, temporally ordered, and
free of empirically inert distinctions.

This mutual reinforcement is precisely what gives the axioms their explanatory power. They
constrain different aspects of physical description—state capacity, temporal structure,
representational economy, and information access—but together they form a coherent and
minimal set. Relaxing any one of them reintroduces precisely the pathologies the others are
designed to eliminate.

From this perspective, the four axioms should be understood not as speculative foundations,
but as empirical invariants distilled from decades of physical theory and experimentation.
They summarize what the universe has repeatedly allowed and disallowed, across scales and
regimes.

The convergence of the axioms also explains why the bit—tick substrate emerges uniquely
when they are imposed. The substrate is not chosen; it is what remains once all empirically

11
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unsupported excess structure has been stripped away. Bits capture the finite capacity of
distinguishability; ticks capture the operational ordering of events. No additional primitive
survives this convergence.

In this sense, the axioms function analogously to other structural constraints in physics. Just
as Lorentz invariance and locality sharply restrict the form of viable field theories without
determining their detailed dynamics, the four axioms sharply restrict the kinematic substrate
of any empirically grounded theory without fixing its specific laws.

Their consilience therefore strengthens, rather than weakens, the no-go and uniqueness
results derived from them. It suggests that the bit—tick substrate is not an artifact of a
particular modeling choice, but a robust reflection of how the universe organizes information
and time under finite experimental access.

8. What Would Falsify the Axioms?

A key requirement for scientific credibility is falsifiability. Although the four axioms
discussed in this paper are operational constraints rather than dynamical laws, they
nevertheless make strong empirical commitments. If any of them were violated, the violation
would manifest in concrete, observable ways.

This section therefore states explicitly what kinds of observations or experimental results
would count as evidence against each axiom. The purpose is not to predict such violations,
but to clarify the conditions under which the present framework would need to be revised or
abandoned.

For Axiom 1 (finite perfect distinguishability), falsification would occur if a bounded
physical system with finite energy were shown to admit an infinite number of mutually
perfectly distinguishable states. Such a result would undermine entropy bounds, invalidate
black-hole thermodynamics, and permit infinite information storage in finite regions. No such
phenomenon has ever been observed.

For Axiom 2 (operational time), falsification would require a reproducible method of
measuring time that does not reduce to physical clocks or recorded transitions, or the
detection of physically meaningful temporal intervals that exist independently of any clock
process. All known measurements of time reduce to clock behavior, and no counterexamples
exist.

For Axiom 3 (no surplus structure), falsification would occur if physically observable
outcomes were found to depend on distinctions that no experiment could, even in principle,
access or manipulate. Such a situation would violate the empirical equivalence principles
underlying gauge symmetry, coordinate invariance, and state equivalence in quantum theory.
No successful physical theory exhibits this behavior.

For Axiom 4 (finite accessible information), falsification would require the extraction of
unbounded information from a finite-energy system, or arbitrarily precise discrimination
using finite resources. This would manifest as infinite-capacity communication channels,

12
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lossless infinite compression, or unbounded metrological precision without increased energy
or time. No such effects have been observed.

8.1 The Epistemic Status of Continuous Quantities

A central methodological point requires emphasis. Many physical theories employ
continuous variables—real-valued positions, momenta, fields, and time parameters. The
question is whether these continuous quantities are physically real in the sense that their
infinite precision corresponds to genuine physical distinctions, or whether they are
representational conveniences whose physical content is exhausted by their finite operational
projections.

We contend that the burden of proof lies with those who claim physical reality for infinite
precision. To establish that a continuous quantity is physically real (rather than an
idealization), one must demonstrate that two configurations differing only at the level of
infinite precision yield different experimental outcomes. No such demonstration has ever
been made.

Consider position. Quantum mechanics assigns a wavefunction y(X) over a continuous
domain, but all position measurements yield outcomes with finite resolution, limited by
detector precision and quantum uncertainty. Two wavefunctions that agree to within
experimental resolution are operationally indistinguishable. The continuous variable x is
indispensable for formulating the theory, but no experiment accesses the distinction between
x =mand x = 3.14159...

The same analysis applies to time, momentum, field values, and all other continuous
parameters. Their utility is not in question; their infinite precision is.

This is not a dogmatic assertion of discreteness. It is an epistemic observation: given that no
experiment can access infinite precision, the claim that physical reality possesses infinite
precision is unfalsifiable and therefore lies outside the domain of physical science. Axiom 4
encodes this observation as a constraint on empirically grounded ontology.

It is important to emphasize that mathematical idealizations do not constitute falsification.
Continuous variables, infinite-dimensional Hilbert spaces, and real-valued time parameters
are permissible as calculational tools, provided their physical predictions collapse to finite
operational content under realistic experimental constraints.

Taken together, these falsification criteria render the axioms empirically nontrivial. They do
not merely summarize current theory; they exclude a wide class of hypothetical phenomena
that would be unmistakable if realized.

The continued absence of such phenomena across quantum, relativistic, thermodynamic, and
informational regimes therefore constitutes ongoing empirical support for the axioms. Should
future experiments reveal genuine violations, the axioms—and any frameworks built upon
them—would require revision. Until then, they represent a concise and testable summary of
how the universe has so far behaved under finite experimental access.

13
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9. Implications for Fundamental Ontology

The results of the preceding sections have important implications for how fundamental
ontology should be approached in physics, while stopping well short of making metaphysical
claims beyond empirical warrant.

The four axioms examined here do not assert what reality is "in itself." Rather, they constrain
what any empirically grounded physical description must look like when subjected to finite
experimental access. Ontological commitments that violate these constraints may be
mathematically coherent, but they cannot be operationally confirmed and therefore lie outside
the domain of physical science.

In this sense, the axioms define a boundary between physics and metaphysics. Physics
concerns structures that survive operational equivalence under finite resources; metaphysical
speculation may go further, but it carries no empirical weight unless it re-enters this
operational domain.

When the axioms are imposed jointly, the resulting constraints leave a remarkably sparse
kinematic substrate. Finite distinguishability restricts state capacity; operational time restricts
temporal structure to ordered event records; elimination of surplus structure removes
unobservable distinctions; and finite accessible information collapses continuous descriptions
into finite operational cores.

The bit-tick substrate identified in prior work emerges precisely as this residual structure.
Bits encode the finite capacity of distinguishability within maximal measurement contexts.
Ticks encode the successor structure of recorded events along worldlines. No additional
primitive survives the combined action of the axioms.

It is important to stress that this conclusion does not deny the usefulness or even the necessity
of richer ontological languages in theoretical physics. Fields, spacetime manifolds, Hilbert
spaces, and continuous parameters remain indispensable representational tools. The claim is
that their physical content is exhausted by their projection onto the operational substrate.

From this perspective, debates over whether the universe is "really" discrete or continuous are
misplaced. What matters for physics is not the ultimate metaphysical nature of reality, but the
invariant structure that governs observable distinctions and temporal ordering under finite
access.

The axioms therefore motivate a shift in emphasis: from searching for ever more elaborate
ontological primitives to identifying the minimal operational structures that all viable theories
must instantiate. The bit—tick substrate is proposed as such a structure, not as a final
metaphysical answer, but as a necessary kinematic foundation.

These implications align with a broader trend in modern physics, where information-theoretic
and operational principles increasingly guide foundational understanding. The present work
situates the bit—tick framework within this tradition, grounding it firmly in empirical
constraints rather than philosophical preference.

14
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10. Anticipating Objections

Before concluding, we briefly address several likely concerns that readers may raise.

"The axioms are just operationalism dressed up."” The axioms are indeed operational in
character, but operationalism is not a weakness—it is the methodological foundation of
experimental physics. The axioms make testable claims about what operations can and cannot
achieve. They do not reduce physics to mere phenomenology; they identify the constraints
that any successful theory must respect.

"You haven't proven the axioms, you've only shown they're consistent with current physics.”
Correct. This is the status of all foundational principles in physics. Lorentz invariance,
locality, and unitarity are also "merely consistent" with current evidence. The axioms are
proposed as empirical invariants, not mathematical theorems. Their status is that of extremely
well-supported empirical regularities.

"The holographic principle is speculative.” Axiom 1 does not require holography. It requires
only finite distinguishability, which is independently supported by quantum spectral theory,
thermodynamic convergence requirements, and the discrete spectra of confined quantum
systems. The holographic principle provides additional motivation but is not necessary for the
axiom.

"Continuous spacetime is empirically successful." Indeed, and nothing in this paper denies
the utility of continuous models. The claim is that their physical content is exhausted by finite
operational projections, not that they should be abandoned as calculational tools. Continuous
mathematics remains indispensable; the axioms concern what that mathematics represents
physically.

"Gauge structure has explanatory power beyond mere convenience.” We address this
objection in detail in Section 5.1. The Aharonov-Bohm effect, often cited as evidence for the
physical reality of gauge potentials, in fact depends only on gauge-invariant holonomies.
Explanatory power can be understood instrumentally without attributing physical reality to
gauge-dependent quantities.

"Timeless formulations of quantum gravity contradict Axiom 2." On the contrary, they
support it. If time can be eliminated from fundamental equations and recovered through
operational clock correlations (as in the Page-Wootters mechanism), this confirms that time is
an emergent operational relation rather than a background structure—exactly as Axiom 2
claims.

11. Conclusion

This paper set out to address a foundational question raised by the bit—tick uniqueness and
no-go results: whether the axioms underpinning that framework are merely methodological
assumptions, or whether they are in fact enforced by the empirical behavior of the universe.
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By examining each axiom in turn, we have shown that all four—finite perfect
distinguishability, operational time, no surplus structure, and finite accessible information—
are deeply embedded in successful physical theory and experimental practice. They are not
speculative metaphysical claims, but concise summaries of constraints repeatedly
encountered across quantum mechanics, relativity, thermodynamics, information theory, and
real-world experimentation.

Crucially, the axioms are independently motivated and mutually reinforcing. Their
convergence is not the result of circular reasoning, but of consilience: distinct domains of
physics imposing the same operational limits from different directions. Where any one axiom
is relaxed, pathologies reappear—infinite distinguishability, non-operational time,
empirically inert structure, or unbounded information access—that are conspicuously absent
from observation.

We have also made explicit what would count as falsification. Violations of the axioms
would produce dramatic, unmistakable physical effects: infinite-capacity memory at finite
energy, arbitrarily precise discrimination without increased resources, observable dependence
on unmeasurable distinctions, or time divorced from clocks. The absence of such effects
across all tested regimes constitutes ongoing empirical support for the axioms.

Taken together, these results close the logical loop with the previously established no-go and
uniqueness theorems. If the universe behaves in accordance with these axioms—as all current
evidence indicates—then the bit—tick substrate is not merely one possible foundational
description among many. It is the unique kinematic structure compatible with finite
experimental access.

This conclusion does not claim to exhaust the ontology of reality, nor to determine the
specific dynamics governing physical processes. Rather, it identifies the invariant substrate
that any empirically grounded theory must instantiate, regardless of its higher-level
representational choices.

In this sense, the contribution of this work is structural rather than speculative. It shows that
once empirical constraints are taken seriously, much of the apparent freedom in foundational
ontology evaporates. What remains is a sparse but robust operational core: finite
distinguishability encoded as bits, and temporal succession encoded as ticks.

The bit-tick framework is therefore proposed not as a philosophical preference, but as a
consequence of how the universe has so far allowed itself to be interrogated. Future
discoveries may yet challenge these constraints. Until then, they stand as a concise and
testable summary of the operational structure underlying physical law.

Appendix: Summary of Axioms and Evidence

Axiom Domain of Origin Key Evidence Falsifying Observation
Al: Finite Gravity, QM, Bekenstein bound, discrete Infinite-capacity finite-energy
distinguishability thermodynamics spectra, partition function memory
convergence
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Axiom Domain of Origin Key Evidence Falsifying Observation
A2: Operational time  [Relativity, metrology |GPS corrections, proper time, |Time measurement without
clock-dependence of all time |physical clocks
measurements
A3: No surplus Gauge theory, GR, QM |Gauge invariance, Observable dependence on
structure diffeomorphism invariance, gauge choice
phase equivalence
A4: Finite information [Info theory, thermo,  |Shannon capacity, Landauer, |Infinite info extraction at finite
QM Holevo bound, speed limits energy
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