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Abstract

The temporal parameter t∈R carries three properties that no experiment has con�rmed as features of physical
reality: negative extension, loop-admitting topology, and reversal symmetry. We identify these as surplus structure
in the sense of Weatherall [8], applying Gisin's observation on R-modeling [6] to the temporal parameter speci�cally.
Its operational content is Nref : the accumulated state-transition count of a reference system, non-negative and mono-
tonically non-decreasing. The caesium-133 hyper�ne oscillator [10] is one realization; the framework is characterized
through operational properties (formalized as axioms N1�N4 in Part II [38]) and is independent of the choice of clock.

We establish two theorems. Theorem 1 : restricting the Wheeler�DeWitt scalar-�eld clock to its operationally
grounded domain ϕ∈ [0,∞) halves the minisuperspace solution space, excluding independently contracting universes.
Theorem 2 : within the Page�Wootters framework, the process-accumulation arrow (a spectral property of the clock
operator) and the thermodynamic arrow (a boundary condition on the constraint surface) are formally independent.

The Bondi k-calculus then derives the full Lorentz transformation � including the relativity of simultaneity �
from three operational inputs: transition-count ratios between inertial observers, the relativity principle, and a �nite
signal speed c. No prior notion of time, metric, or spacetime is assumed; 1/γ is a theorem rather than an input.
Closed timelike curves, parameter reversal in T-symmetry, and the block universe as the default interpretation of the
formalism are shown to depend on the surplus structure of R and to lack independent empirical support.

1. Introduction

The temporal parameter t∈R has three properties its physical referent does not: negative extension, loop-admitting
topology, and reversal symmetry. No measurement has ever returned a negative accumulated process count, a closed
temporal loop, or a reversal of the temporal parameter. This is a domain mismatch between the mathematical
surrogate and its operational ground.

This paper establishes two formal results. Theorem 1 proves that restricting the Wheeler�DeWitt scalar-�eld clock
to its operationally grounded domain halves the minisuperspace solution space, excluding independently contracting
universes. Theorem 2 proves that the process-accumulation arrow and the thermodynamic arrow are formally indepen-
dent within the Page�Wootters framework. Section 8 closes the simultaneity sector: the full Lorentz transformation,
including the −vx/c2 term, is derived via Bondi's k-calculus from transition-count ratios between inertial observers,
the relativity principle, and a �nite signal speed c as the only empirical input � with no prior notion of time, metric,
or spacetime assumed. Both theorems and the Bondi closure follow from the same source: the substitution of Nref for
t as the operational content of the temporal parameter.

Two conceptual frameworks converge in this paper. Weatherall [8] provides the formal criterion for surplus structure:
mathematical features of a representation that have no physical counterpart, identi�ed via categorical comparison of
mathematical and physical theories. Gisin [6] provides the speci�c observation that motivates the application: the
real numbers carry structure � uncountable precision, negative extension, completed in�nities � that no physical
measurement can access, and the choice of R as the mathematical language of physics is not physically innocent.
Gisin's concern is primarily with determinism: if the state of the universe is speci�ed by real numbers to in�nite
precision, classical determinism follows as a mathematical consequence of the language rather than as a physical
discovery about nature. The present paper takes Gisin's observation in a di�erent direction. Rather than asking what
R does to determinism, it asks what R does to the temporal parameter speci�cally � and �nds that three properties
of R (negative extension, loop-admitting topology, reversal symmetry) produce three speci�c results in the physics
literature (independently contracting Wheeler�DeWitt modes, closed timelike curves, and parameter reversal as a
physical operation) that have no operational counterpart. Gisin observed that mathematical languages shape physical
understanding; the Nref framework identi�es the speci�c shapes that R imposes on the temporal parameter and traces
their consequences through the formalism.

The argument is clock-independent: the caesium de�nition is one realization of a general structure, and the results hold
for any physical clock satisfying the counting axioms (Section 4). Consequences for closed timelike curves, T-symmetry,
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and the block universe follow from established mathematics (Choquet-Bruhat and Geroch [13, 14]; Borchers, Guido-
Longo, and Mund [17, 18, 19]) without new physical assumptions. The eliminativist reading of the temporal parameter
is examined philosophically in [31]; the present argument arrives at the same conclusion through mathematical results
rather than philosophical analysis.

The present work connects to a broad tradition of questioning the status of the temporal parameter. Barbour's timeless
mechanics [33] argues that time does not exist as a fundamental quantity; the Nref framework di�ers in retaining time
as accumulated process count rather than eliminating it. Peres [7] de�nes a quantum clock operationally as a system
passing through a succession of distinguishable states; theNref axioms (formalized in Part II) are a direct generalization
of this de�nition. Isham [36] and Kucha° [37] classify the many facets of the �problem of time� in quantum gravity;
the Page�Wootters framework used here is one resolution of what Isham calls the �frozen formalism� problem, and the
Nref axioms formalize what Kucha° identi�es as the conditions for successful deparametrisation.

This is the �rst of three papers. The physical argument � the surplus structure identi�cation, the two headline
theorems, the clock-independence analysis, and the Bondi closure � is established here. Part II [38] provides the
axiomatic and categorical foundations: the Nref axioms (N1�N4), the categorical surplus identi�cation via the forgetful
functor between mathematical and physical categories, the computational gauge characterization (CG1�CG3), and
the derivation that the full (1, 3) Minkowski signature is forced by counting, vacuum symmetry, and spatial isotropy.
Part III [39] extends the framework to quantum clocks: the Bondi k-factor becomes a quantum operator, revealing a
two-sector decomposition of the Lorentz transformation with structurally di�erent quantum-correction pro�les. The
sector decomposition provides a structural explanation for the angular separation of quantum corrections computed
independently by Grochowski et al. [30]; the framework does not predict these corrections but organizes them under
a single structural cause.
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2. The Resource Constraint and Operational
Ground

2.1. The mass-shell relation as a conserved-total con-
straint

The mass-shell relation

E2 = p2c2+m2c4 (1)

is the formal anchor of this paper. For an isolated com-
posite system, total energy E is conserved. Equation (1)
is a conserved-total resource constraint: spatial momen-
tum pc and rest-mass energy mc2 compete for shares of
a �xed total. An increase in spatial momentum neces-
sitates a decrease in the internal dynamics component,
speci�cally the evolution of the system's internal degrees
of freedom.

The four-velocity formulation makes the constraint ex-
plicit. The norm condition gµνU

µUν =−c2 �xes every
system's total four-velocity magnitude. At rest, the full
norm is allocated to the temporal component. As spatial
velocity increases, the temporal component decreases:

dτ = dt
√

1−v2/c2 (2)

The factor 1/γ =
√
1−v2/c2 is not merely kinematic

shorthand. It is the fraction of the four-velocity norm
remaining available for internal dynamics after spatial
motion has claimed its share. At v=0: full internal dy-
namics. At v= c: none.

Pikovski et al. (2015) gave this constraint a sharp Hamil-
tonian form in the post-Newtonian gravitational set-
ting [1]; Smith and Ahmadi (2020) derived the exact rel-
ativistic form directly from the mass-shell constraint [2].
For a relativistic composite particle with internal Hamil-
tonian Ĥ0, the total Hamiltonian expanded in v/c is

H ≈ γmc2+Ĥ0/γ. (3)

The factor 1/γ multiplies the internal Hamiltonian di-
rectly: the suppression of internal state-transition rates
by 1/γ is the direct physical content of equation (3).

A precision on validity: the expansion (3) holds when
Ĥ0 ≪mc2, satis�ed for essentially all physical systems.
The 1/γ suppression of internal dynamics is a general fea-
ture of the relativistic coupling that persists at all orders.
It is not an artifact of the low-energy expansion.

Equation (3) accounts for every e�ect attributed to �time
slowing down� � muon lifetimes, atomic transition fre-
quencies, and (via the equivalence principle) gravita-
tional redshift and satellite-ground clock comparisons �
through the Ĥ0/γ suppression alone. Nothing is left over
that requires an independent temporal entity whose rate
varies. This is the Michelson�Morley result for the tem-
poral parameter: just as the luminiferous ether did no in-
dependently detectable work beyond the �eld equations,
�time slows down� does no independently detectable work
beyond Ĥ0/γ. The removal simpli�es the ontology with-
out changing any prediction.

2.2. The budget equation as the primary object

The content of the previous subsection can be stated
as a single identity. Rearranging the four-velocity norm
uµuµ = c2 into the rest frame of the parametrizing clock
gives

(
dτ

dt

)2

+
v2

c2
= 1. (4)

We call (4) the budget equation. Its content is a conser-
vation law: the total motion budget is unity, and spatial
velocity and internal tick rate compete for shares of it. At
v=0 the entire budget is available for internal dynamics;
at v= c none is. Every intermediate velocity interpolates
continuously between these extremes.

In Part II [38], the budget equation is not postulated but
derived (the signature theorem). The counting axioms
and vacuum symmetry force the invariant bilinear form
to have signature (1, 1), so Q(t, x)= t2−x2. The unique
one-parameter subgroup of O(1, 1) yields the boost Λ(φ),
and the identity cosh2φ−sinh2φ=1 is precisely (4). Here
we state it and develop its consequences.

A critical framing point: the budget equation is the pri-
mary object. The Pikovski Hamiltonian Ĥ0/γ is one pro-
jection of it�the Hamiltonian formulation valid for com-
posite systems within the expansion regime ⟨Ĥ0⟩≪mc2.
That regime covers essentially all laboratory systems,
which is why equation (3) is so broadly successful. But for
a system where the expansion fails�a light clock whose
photon energy is comparable to its mirror rest mass, for
instance�the Hamiltonian form is approximate while the
budget equation still gives dτ/dt=1/γ exactly. The bud-
get equation is exact; the Pikovski Hamiltonian is a con-
sequence of it, not the other way around.

A structural observation clari�es why the budget equa-
tion exists at all. In Newtonian mechanics the temporal
parameter is not a physical degree of freedom: it enters
no Lagrangian, carries no energy, and is una�ected by
the state of the system it parametrizes. A rate de�ned
against such a parameter � v= dx/dt � involves a de-
nominator that is dynamically inert. No constraint links
the denominator to the numerator. In theNref framework
the temporal reference is a physical system: a composite
object on the same mass-shell as the system under study.
When both numerator and denominator of a rate are phys-
ical systems subject to the same constraint, the budget
equation (4) is the joint condition they must satisfy. The
mass-shell relation E2 = p2c2+m2c4 is not an additional
postulate; it is the algebraic form of that joint condition
for a system with rest mass m.

2.3. The Page�Wootters framework and the Smith�
Ahmadi equivalence

The resource constraint has a quantum-mechanical
grounding that is by now established.

Page and Wootters (1983) showed that a globally static
quantum state Ĥ|Ψ⟩= 0 can contain a subsystem that
appears to evolve from the perspective of an internal ob-
server: time emerges as a relational phenomenon between
entangled subsystems, not from an external background
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parameter [3]. Moreva et al. (2014) provided an experi-
mental illustration of this relational picture using entan-
gled photons [4].

Smith and Ahmadi (2020) proved the critical link [2]: the
Page�Wootters constraint Ĥ|Ψ⟩=0, taken in its relativis-
tic form, is simultaneously a Wheeler�DeWitt constraint
and, when deparametrized by solving for one variable to
serve as the evolution parameter, the Pikovski Hamilto-
nian (3). PaW is the timeless constraint picture; Pikovski
is the deparametrized dynamics. They are the same
physics at di�erent levels of description. Höhn, Smith
and Lock (2021) extended this to a three-way equiva-
lence with the relational Dirac observables of Rovelli's
relational quantum mechanics [9, 5].

The derivational chain is therefore closed:

Ĥ|Ψ⟩=0︸ ︷︷ ︸
PaW constraint

−→ E2 = p2c2+m2c4︸ ︷︷ ︸
mass-shell

−→

−→ Ĥ0/γ︸ ︷︷ ︸
Pikovski

−→ dτ/dt=1/γ︸ ︷︷ ︸
time dilation

(5)

These results are cited as established ground. None of
the steps in (4) are re-derived here. What is new in the
present paper is the observation, developed in Section 3,
that the operational content of the temporal parameter
throughout this chain is a quantity that is non-negative
and monotonically non-decreasing, and that the standard
representation t ∈ R carries three additional properties
that no step in (4) requires or con�rms.

2.4. The SI de�nition and the domain mismatch

The Système International de�nes the second as exactly
9,192,631,770 hyper�ne transitions of the ground state of
caesium-133 [10]. This is not a measurement of an inde-
pendently existing quantity called �time�; it is the identi-
�cation of time with a physical process count. The oper-
ational content of �one second� is �this many completed
transitions.�

Three properties follow immediately from this de�nition:

Non-negativity. An accumulated transition count can-
not be negative. No physical process has ever produced
a negative count of completed events. Nref ≥ 0 is not
a theoretical constraint. It is what �accumulated count�
means.

Monotone non-decrease. Completed transitions can-
not be un-completed. Each successive measurement of
Nref returns a value greater than or equal to the previous
one. ∆Nref ≥ 0 always.

Monotonicity (∆Nref ≥ 0) is constitutive rather than de-
rived from the quantum formalism. Unitary evolution
is time-reversible; the de�niteness of clock readings is
secured by the conditioning operation within the Page�
Wootters framework � projection onto clock eigenstates
within the entangled global state. Whether physical
clocks acquire de�nite readings is the general quantum
measurement problem, not a gap speci�c to Nref . The
formal treatment is given in Part II (Assumption A1) [38].

Relational character. The SI de�nition compares one
system's transitions to another's. The second is not a

duration �oating free of physical process: it is a count
ratio between the system under study and the caesium
reference. Time, operationally, is always a comparison
between two physical transition rates.

Now consider the temporal parameter as standardly rep-
resented. The parameter t∈R admits:

� t < 0: negative time, corresponding to Nref < 0. No
accumulated count is negative.

� Closed loops: t identi�ed modulo some period, cor-
responding to returning to a previous Nref . This is
impossible by monotonicity.

� Reversal: t→−t, corresponding to ∆Nref < 0. No
completed transition has ever been un-completed.

The mismatch is exact and complete. The temporal pa-
rameter t∈R carries three properties: negative extension,
loop-admitting topology, and reversal symmetry. These
are properties the operational ground of the SI de�nition
does not possess and has never con�rmed.

This is not a philosophical observation about the �nature
of time.� It is a domain mismatch between a mathemat-
ical surrogate and its operational referent. The same
mismatch would arise if temperature were represented
by T ∈R without the restriction T ≥ 0. The three ex-
cess properties are candidates for surplus structure in the
sense of Weatherall [8]: mathematical features of the rep-
resentation that have no physical counterparts. Section
3 formalizes the substitution. Section 4 establishes clock-
independence. Section 7 audits the consequences.

3. The Nref Substitution

3.1. Why notation is not merely notation here

Every physics paper that writes the temporal parame-
ter as t inherits a structure: that the parameter has the
properties of the real numbers. This inheritance is never
argued. It descends from Newton and is transmitted un-
changed through three centuries of notation. The sym-
bol t presents as a member of R and inherits all of R's
structure: continuity, negative extension, loop-admitting
topology, and reversal symmetry. This inheritance comes
without any experiment having con�rmed these proper-
ties as features of physical reality.

The consequences are not merely formal. Physicists,
trusting the symbol, explored its inherited structure and
found results that live entirely in the surplus. Closed time-
like curves are trajectories that loop in the t-coordinate,
a property of R's topology, not of any measured phys-
ical process. Parameter reversal t→−t is a symmetry
of the real line, not a symmetry that has ever been in-
stantiated as a physical operation in any laboratory. The
block universe, the interpretation that all values of t exist
with equal ontological status follows automatically from
R's structure, in which every real number is equally a
member of the set.

The substitution t→Nref makes the domain restriction
explicit at the level of the symbol. Nref cannot do any of
this. It represents accumulated physical process. It does
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not go negative; no count of completed transitions is neg-
ative. It does not loop. You cannot return to a previous
accumulation by continuing to accumulate. �Traveling to
a previous Nref � is not a physics problem awaiting solu-
tion; it contradicts what �accumulated� means. The three
surplus properties of R are absent from Nref by construc-
tion, not by additional physical postulate.

Like Dirac notation, which encodes algebraic structure in
the symbol and so makes certain errors harder to commit,
Nref makes the surplus visible at the level of the symbol
for the temporal parameter: results depending on the
surplus become identi�able on inspection.

3.2. De�nition and substitution rules

De�nition (Relational temporal observable). Let
Sref be a designated physical reference system. Nref is the
accumulated state-transition count of Sref . The caesium-
133 hyper�ne oscillator (the SI second) is one such real-
ization; any monotone accumulator � a decay counter, a
photon cavity, a mechanical oscillator � is equally valid.
The results of this paper are independent of the choice of
realization. The axiomatic characterization (N1�N4) is
given in Part II [38].

Nref ∈N0, ∆Nref ≥ 0. (6)

The SI second corresponds to ∆Nref = 9,192,631,770
caesium-133 transitions. The physical character of Nref

is discrete: each completed transition is a distinct event
counted in N0. The equations of physics use its contin-
uous extension to [0,∞) as a mathematical toolkit �
derivatives, path integrals, and unitary groups all require
a continuous parameter. This is the same relationship as
angular momentum: physically quantised in units of ℏ,
continuously parametrized in the Hamiltonian. The dis-
crete character is the physical constraint; the continuum
is the toolkit.

A single Nref realization is a counter. It accumulates
a non-decreasing integer sequence satisfying N1�N4. A
counter can count; it cannot tell time. Time requires a
second system: a rate is a ratio, and a ratio requires two
terms. In the Nref framework, every temporal quantity
that enters the equations of physics is a ratio between
two counters: ∆NA/∆Nref , where A is the system under
study and Sref is the reference. To tell time is to co-
ordinate � to compare one system's accumulated count
against another's. The budget equation (4) is the con-
straint such coordination must satisfy when both coun-
ters are physical systems on the same mass shell; the
structural reason the constraint exists at all is developed
in �2.2 and revisited in �9.3.

The following rules de�ne the substitution throughout the
standard formalism. In each case, the equation is un-
changed; the domain of physical solutions is restricted.

Rule 1 (Coordinate time). The physical interpreta-
tion of t ∈ R is Nref ∈ N0. Solutions requiring t < 0, t
looping, or t reversing correspond to Nref < 0, ∆Nref < 0,
or Nref returning to a previous value, none of which have
operational meaning. Such solutions are mathematically
well-formed and physically uninstantiated.

Rule 2 (Proper time and time dilation). The proper
time τ of system A is replaced by NA, the accumulated
transition count of A. Time dilation becomes the count
ratio:

∆NA

∆Nref
=

1

γ
=
√

1−v2/c2. (7)

This is the Pikovski Hamiltonian Ĥ0/γ evaluated at the
level of transition counts. Equation (6) is not a reinter-
pretation of time dilation. It is time dilation, stated in
operationally transparent notation.

Rule 3 (Velocity). Velocity v = dx/dt becomes the
displacement-to-transition ratio:

v −→ ∆x

∆Nref
. (8)

The speed of light c is the maximum spatial displacement
per reference transition permitted by the mass-shell con-
straint, the upper bound on (7), not a property of a back-
ground medium.

Rule 4 (Schrödinger evolution). The Schrödinger
equation iℏ ∂t|ψ⟩=H|ψ⟩ becomes

iℏ
d|ψ⟩
dNref

=H|ψ⟩. (9)

State evolution per reference tick. The equation is un-
changed; Nref replaces t as the physical label on the evo-
lution parameter.

Rule 5 (Surplus identi�cation). For any result R in
the literature: R depends on the operational content of
the temporal parameter if and only if R can be derived
with Nref in place of t. If R requires t∈R (speci�cally neg-
ative values, closed loops, or parameter reversal), then R
depends on the surplus structure of R and is unsupported
until independently con�rmed by measurement.

Rule 5 is the diagnostic applied in Sections 5�7. It is
not a new principle; it is Weatherall's surplus structure
criterion [8] instantiated for the temporal parameter.

3.3. What the substitution does not restrict

The domain restriction Nref ≥ 0 does not prevent integra-
tion, di�erentiation, or any other operation over the tem-
poral parameter. The point requires emphasis because
the most common objection to domain-restricted physical
quantities is that the mathematical toolkit breaks down.
For Nref it does not.

Physical temperature provides an instructive but imper-
fect precedent. The restriction T ≥ 0 is enforced by dy-
namics and can be violated under extreme conditions:
population inversion in certain quantum systems pro-
duces experimentally realized negative absolute tempera-
ture. The Nref restriction is strictly stronger: it is de�ni-
tional, not dynamical. Yet the heat equation ∂tT =α∇2T
takes spatial derivatives of T . Partition functions inte-
grate e−βH over all states. Thermodynamic identities dif-
ferentiate T freely. Nobody objects that ∂T/∂x requires
T to �really� possess the full structure of R including neg-
ative extension. The domain restriction T ≥ 0 constrains
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the physical interpretation of solutions. Solutions with
T <0 are mathematically well-formed and physically unin-
stantiated, without constraining the mathematical oper-
ations performed on T .

Solutions with support on t < 0 or t looping are
temperature-analogue solutions: mathematically present
in the toolkit, physically uninstantiated in any measure-
ment.

The distinction is precise. Negative absolute temperature
is excluded by dynamics and can be violated when those
dynamics are circumvented. Negative Nref is excluded by
de�nition: �accumulated count� means completed transi-
tions, and no count of completed transitions is negative.
The Nref domain restriction is not a law of nature that
might be violated under extreme conditions. It is what
the words mean.

4. Clock-Independence of the Resource Con-
straint

The preceding section established that the temporal pa-
rameter carries surplus structure relative to its opera-
tional referent Nref . A natural objection arises: perhaps
the argument proves only that a particular reference os-
cillator � the caesium-133 hyper�ne transition � dilates,
leaving open the possibility that �time itself� behaves dif-
ferently from this speci�c clock. This section closes that
objection completely.

4.1. The circularity objection stated precisely

The objection can be stated with full precision. If time
dilation is the suppression of internal dynamics under
the mass-shell constraint, and the SI second is de�ned
through internal oscillations of a caesium atom, then the
argument appears to prove only that the SI-de�ned unit
dilates � not that �time� dilates. The caesium atom is a
quantum system with Hamiltonian Ĥ0; the Pikovski equa-
tion (3) suppresses Ĥ0 by 1/γ; the transition frequency
decreases. But this is just one Hamiltonian. Is the cae-
sium choice a prerequisite of the argument, or merely a
convenience?

The question is well-posed. An answer requires exam-
ining whether clocks with fundamentally di�erent inter-
nal Hamiltonians all yield the same 1/γ suppression, and
if so, why. The next three subsections do exactly this.
The Lorentz structure invoked below is derived from the
counting axioms in Part II (the signature theorem) [38];
the present section treats it as established.

4.2. Three alternative clocks

Clock A: Light-bounce (photon cavity). Consider a
single-mode optical cavity of proper length d with massive
mirrors. The internal Hamiltonian is the cavity photon
mode:

Ĥ0 =
πℏc
d

(
â†â+ 1

2

)
. (10)

The budget equation E2=p2c2+m2c4 constrains the total
four-momentum of the composite system (mirrors plus
photon �eld). Internal energy Ĥ0 enters the rest mass of
the composite. When the system moves at velocity v, the
mass-shell constraint forces

Ĥint = Ĥ0/γ, (11)

and the bounce frequency satis�es f = f0/γ exactly. No
expansion in Ĥ0/mc

2 is needed: the budget equation is
primary and exact. The Pikovski expansion (3) is a sec-
ondary approximation valid when the mirror masses sat-
isfy ⟨Ĥ0⟩≪mc2, which holds for any physical cavity but
fails for the idealised massless-mirror limit that appears
in some textbook treatments. The exact route through
the mass-shell constraint requires no such approximation.

Clock B: Radioactive decay. For an unstable nucleus,
Ĥ0 is the nuclear Hamiltonian governing internal excita-
tions. The Pikovski route is primary here: the attempt
frequency for barrier penetration is an eigenvalue of Ĥ0,
suppressed by 1/γ under motion. The tunnelling prob-
ability per attempt is determined by the barrier shape
in the nucleus's rest frame and is Lorentz-invariant. The
decay rate therefore transforms as

Γ=Γ0/γ. (12)

This is not a theoretical prediction awaiting con�rmation.
Muon lifetime measurements at γ ≈ 15�29 con�rm equa-
tion (12) to the precision of the experiments. The internal
Hamiltonian of a muon is as di�erent from caesium's hy-
per�ne structure as two quantum systems can be. The
1/γ factor is identical.

Clock C: Gravitational pendulum. A mechanical
oscillator with Ĥ0 describing oscillation about a gravi-
tational equilibrium. Apply the budget equation in the
instantaneously comoving inertial frame; the equivalence
principle bridges to the gravitational case. The oscilla-
tion frequency transforms as f = f0/γ. Tidal corrections
modify f0 � they are corrections to Ĥ0 from spacetime
curvature � but they do not modify the 1/γ suppres-
sion factor, which comes from the mass-shell constraint
applied to the composite system's four-momentum. The
constraint and the curvature correction factorise: one de-
termines how the clock is built (f0), the other how motion
suppresses it (1/γ).

Three clocks. Three radically di�erent internal Hamil-
tonians. One suppression factor. The pattern demands
explanation.

4.3. The bridging assumption Abridge

The explanation is a single assumption, which we label
Abridge:

Every physical realization of Nref is a composite quantum
system whose Hamiltonian is bounded below and admits
a center-of-mass / internal factorization.

Abridge is the bridge between the mass-shell constraint
(a statement about four-momenta) and the Pikovski
suppression (a statement about internal Hamiltonians).
Without it, the budget equation constrains total energy
but says nothing about internal dynamics. With it, the
factorization Htotal =Hcm+ Ĥ0/γ+ · · · follows, and the
1/γ suppression of any bounded-below internal Hamilto-
nian is automatic.

Why is Abridge physically automatic? Because clocks
must be composite. A structureless point particle can-
not tick: it has no internal degree of freedom to serve as
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a periodic process. Every physical clock � optical, nu-
clear, mechanical, biological � is a bound system of inter-
acting constituents. In our universe, �composite� means
quantum �elds with a stable vacuum, which guarantees
both the bounded-below spectrum and the cm/internal
factorization. A clock that violates Abridge is not a clock
that escapes time dilation. It is not a clock at all.

Abridge is the name for what the quantum universe con-
tributes to the derivation. It is not a gap in the physics
� it is the physics. Labelling it explicitly converts an im-
plicit assumption into an auditable premise, which is the
function of the exercise.

4.4. One budget equation, three projections

The mass-shell constraint E2 = p2c2+m2c4 is one equa-
tion. Its physical content appears in three apparently
distinct guises, depending on which quantity is projected
out:

1. Proper time. Evaluate the budget equation for
a system's accumulated transition sequence. The
elapsed proper count satis�es

dτ = dt/γ. (13)

This is the standard time-dilation formula, now un-
derstood as the budget equation evaluated along a
trajectory.

2. Internal-Hamiltonian suppression. Apply the
algebraic content of the budget equation to the inter-
nal Hamiltonian Ĥ0 of a composite system satisfying
Abridge. The result is the Pikovski form:

Ĥint = Ĥ0/γ. (14)

This is the budget equation in its Hamiltonian pro-
jection, valid in the regime ⟨Ĥ0⟩≪mc2.

3. Light-cone geometry. Take the null limitm→0 of
the budget equation. The constraint E2 = p2c2 �xes
the speed of massless particles at c in every inertial
frame. The invariance of c is the budget equation in
its null projection.

These three statements are not independent physical
claims. They are one constraint viewed from three an-
gles. The hierarchy is:

E2 = p2c2+m2c4︸ ︷︷ ︸
budget equation

−→


dτ = dt/γ (trajectory)

Ĥ0/γ (Hamiltonian)

c invariant (null limit)

(15)

Any argument that establishes 1/γ suppression in one
projection establishes it in all three, because the source
is a single algebraic identity. The circularity objection
of �4.1 asks whether the caesium clock is special. The
answer is that no clock is special: every projection of
the budget equation produces 1/γ, regardless of which
internal Hamiltonian is being suppressed.

Remark (The null limit and the absence of Nref). The null
projection (m=0, E=pc) is the case in which Nref ceases
to exist. A free massless particle has no rest frame, no
internal degrees of freedom, and no bounded-below inter-
nal Hamiltonian: it does not satisfy Abridge and cannot
serve as either term of a count ratio. Crucially, a free
photon at v= c is non-interacting: it propagates on the
null mass shell without coupling to other systems. The
moment a photon interacts � by absorption into a mas-
sive system or by scattering at a vertex � it is no longer
a free massless particle: its energy enters a composite sys-
tem's Ĥ0, or it goes o�-shell with an e�ective mass set by
the four-momentum transfer. In either case the interact-
ing system satis�es Abridge and participates in Nref . The
budget equation at v= c gives (dτ/dt)2 =0: this is not a
constraint imposed on the photon but a report that a free
null particle has no internal dynamics to constrain and no
interaction through which to de�ne a count ratio. Nref

requires interaction, and interaction requires departure
from the null cone.

4.5. No clock can escape 1/γ

Suppose, for contradiction, that a clock C exists whose
tick rate does not transform as f0/γ. Then C could be
compared with a standard clock (caesium, cavity, muon
� any clock satisfying Abridge) to detect a discrepancy
between two co-moving oscillators. This discrepancy
would be a function of the system's velocity v relative to
some frame, providing a measurement of absolute veloc-
ity. But a detector of absolute velocity is precisely what
the Michelson-Morley null result, and every subsequent
test of Lorentz invariance, has ruled out to parts in 10−18

[32].

The non-dilating clock is excluded not by assumption but
by the budget equation itself. The mass-shell constraint
de�nes the physical state space: four-momenta satisfying
E2 = p2c2+m2c4 are physical; those violating it are not.
A clock that escapes 1/γ violates the constraint. Its states
do not lie in the physical Hilbert space. It does not exist
as a physical system.

The three clocks of �4.2 are projections of a single con-
straint onto three di�erent internal Hamiltonians, and the
constraint permits no exception. Any system satisfying
Abridge � that is, any composite quantum system with
a bounded-below Hamiltonian � dilates by 1/γ. The
caesium atom is not privileged. It is convenient.

Part III extends the analysis to the k-operator regime,
showing that the sector decomposition is universal across
clock types and that the 1/γ suppression persists beyond
the Pikovski approximation [39].

5. Theorem 1 � The WDW Domain Restriction

5.1. Setup: the scalar �eld clock and the Nref connec-
tion

Quantum cosmology routinely treats matter scalar �elds
as internal clocks by deparametrizing the Wheeler�
DeWitt equation: one degree of freedom is singled out
as the evolution variable, and the remaining degrees of
freedom evolve relationally with respect to it. This de-
parametrisation program was developed systematically
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by Kucha° [37]; the Nref domain restriction formalizes
the boundary conditions that successful deparametrisa-
tion requires. This procedure makes the scalar �eld clock
variable subject to the same domain boundaries identi-
�ed in Section 2. If the clock variable ϕ plays the role of
Nref in the quantum cosmological setting, and if Nref ≥ 0
by the operational argument of Section 2, then ϕ is re-
stricted to [0,∞). The standard treatment takes ϕ∈R.
The domain mismatch identi�ed abstractly in Section 2
here becomes a concrete restriction on the solution space
of a speci�c equation, with calculable consequences.

Consider the simplest setting: a spatially �at Friedmann
universe with a free massless scalar �eld ϕ as internal
clock and scale factor a as the remaining degree of free-
dom. Deparametrizing the Wheeler�DeWitt equation by
treating ϕ as the evolution parameter gives

i
∂Ψ(a, ϕ)

∂ϕ
= |p̂a|Ψ(a, ϕ). (16)

The deparametrisation-of-WDW technique is canonical in
the problem-of-time literature [36, 37]; the FRW plus
massless-scalar model used here is studied as the sim-
plest tractable example of relational evolution in a gravi-
tational context [26]. It is the setting in which the conse-
quences of the domain restriction are most directly com-
putable.

5.2. Theorem 1

Theorem 1 (Domain restriction halves the WDW
solution space). Consider equation (9).

(i) Standard domain ϕ∈R: The general solution is

Ψ(a, ϕ)=

∫
dk

[
A(k) ei(ka+|k|ϕ)+B(k) ei(ka−|k|ϕ)], (17)

where A(k) and B(k) are independent amplitude func-
tions. The solution space has 2N degrees of freedom.
A(k) modes have positive frequency in ϕ (expanding uni-
verse); B(k) modes have negative frequency in ϕ (con-
tracting universe). The two families are uncoupled: B(k)
is not determined by A(k).

(ii) Restricted domain ϕ∈ [0,∞) with Dirichlet boundary
condition Ψ(a, 0) = 0: Imposing the boundary condition
on (10) requires∫

dk [A(k)+B(k)] eika =0 for all a.

By completeness of the Fourier basis, this forces

B(k)=−A(k), (18)

giving

Ψ(a, ϕ)=

∫
dk A(k) eika ·2i sin(|k|ϕ). (19)

The solution space has N degrees of freedom, exactly half
those of the standard domain.

Proof. Part (i) follows by direct veri�cation that (10)
solves (9) for arbitrary A(k), B(k) ∈ L2(R). Part (ii):

Figure 1: Wheeler�DeWitt minisuperspace calculation.
(a) |Ψ|2 on the standard domain ϕ∈R: two independent
wave packets, expanding and contracting, uncorrelated
at ϕ< 0. (b) |Ψ|2 on the restricted domain ϕ ∈ [0,∞):
components locked by the boundary condition, producing
interference near ϕ=0. (c) expected scale factor ⟨a⟩(ϕ)
on both domains. (d) solution space: on the standard
domain B(k) is independent of A(k); on the restricted
domain B(k)=−A(k).

substituting ϕ= 0 into (10) gives Ψ(a, 0) =
∫
dk [A(k)+

B(k)] eika. The Dirichlet condition requires this to van-
ish for all a. Since {eika} is a complete orthogonal set
in L2(R), the integrand must vanish pointwise: A(k)+
B(k) = 0, giving (11). Substituting into (10) gives (12).
□

The Dirichlet condition Ψ(a, 0) = 0 corresponds to the
physical requirement that no universe state exists at zero
accumulated clock transitions � the constraint surface
is empty before the �rst tick. Alternative boundary con-
ditions (Neumann, Robin) would yield di�erent solution
spaces; the present choice is the one consistent with the
operational interpretation of ϕ as accumulated process
count.

Corollary. On the restricted domain ϕ∈ [0,∞), no in-
dependently contracting universe solution exists. Every
solution contains both expanding and contracting compo-
nents, locked together by condition (11). The degrees of
freedom that constitute an independently contracting uni-
verse exist only in the extension of ϕ to negative values,
that is, the surplus structure of R in the clock variable.

5.3. Physical interpretation

The theorem is a direct instantiation of the surplus struc-
ture argument at the quantum cosmological level. The
independently contracting universe modes B(k) are not
forbidden by any dynamical equation. They are forbidden
by the domain boundary: they require ϕ<0, which corre-
sponds to negative accumulated clock transitions, which
the operational de�nition of Section 2 identi�es as physi-
cally uninstantiated.

The standard treatment, by taking ϕ ∈ R, implicitly
grants physical status to ϕ<0 and thereby licenses the in-
dependent contracting modes. This is not a physical pre-
diction. It is a consequence of inheriting the full structure
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of R for the clock variable without examining whether the
physical referent warrants that inheritance. Theorem 1
shows the consequence of withdrawing that warrant: the
solution space is halved and the independent contracting
branch disappears.

Figure 1 shows the four panels of the minisuperspace cal-
culation: |Ψ|2 on the standard and restricted domains,
the expected scale factor ⟨a⟩(ϕ), and the solution space
on both domains. On the standard domain the two wave
packets � one expanding (A(k)-dominated) and one con-
tracting (B(k)-dominated) � are independent, with no
correlation at ϕ< 0 where the surplus structure is active.
On the restricted domain ϕ∈ [0,∞) they are locked to-
gether by condition (11), and the contracting branch is
identi�ed as B(k) =−A(k): independently contracting
universes have disappeared from the solution space.

The surplus structure of R in the clock variable is precisely
what licenses the independent contracting modes. Under
the Nref domain restriction, the independently contract-
ing universe is not a prediction of the theory. It is an
artifact of the representation.

6. Theorem 2 � The Two-Arrows Independence

6.1. The con�ation and its source

The arrow-of-time problem asks why the temporal direc-
tion is asymmetric. The standard reductionist account
traces temporal asymmetry to boundary conditions on
the initial state of the universe [34, 35]. The standard
formulation treats the arrow as a single question, but it
con�ates two questions that are formally independent.

The �rst is why the clock index n is non-decreasing. The
second is why entropy increases in the observed universe.

These have di�erent answers. The clock index is non-
decreasing because that is a spectral property of the clock
operator, built into Nref by de�nition � a structural di-
rectedness we term the process-accumulation arrow. En-
tropy increases in our universe because the initial state
of the universe had low entropy, a boundary condition
on the constraint surface, the past hypothesis. Neither
answer requires the other.

The single symbol t merges both questions. It presents
as a parameter with a preferred direction, inviting the
inference that the direction of entropy increase and the
direction of temporal evolution are the same arrow and
share the same explanation. They are not the same arrow.
Theorem 2 proves this constructively.

6.2. Theorem 2

Theorem 2 (Process-accumulation and thermody-
namic arrows are independent). Let H=HC⊗HA⊗
HB be a tripartite Hilbert space with Page�Wootters
constraint Ĥ|Ψ⟩ = 0. Let N̂ be the clock observable
with spectrum σ(N̂)⊆N0. De�ne the conditional state
|ψAB(n)⟩ = ⟨n|Ψ⟩/∥⟨n|Ψ⟩∥, the reduced state ρA(n) =
TrB [|ψAB(n)⟩⟨ψAB(n)|], and the von Neumann entropy
S(n)=−Tr[ρA(n) ln ρA(n)].

Then:

(a) n is non-negative and non-decreasing, a spectral prop-
erty of N̂ , independent of the Hamiltonian and initial

state.

(b) There exist states |Ψ⟩ satisfying Ĥ|Ψ⟩=0 for which
S(n) is strictly decreasing on a �nite interval while n
increases throughout that interval.

Corollary. The process-accumulation arrow and the
thermodynamic arrow are formally independent. The
�rst is a structural consequence of the clock operator's
spectrum. The second is determined by boundary con-
ditions on the constraint surface, not by the direction of
the temporal parameter.

Proof. Part (a) follows immediately from σ(N̂)⊆N0.

Part (b) is constructive. Set HA =HB =C2 and de�ne

HAB =ω(|00⟩⟨11|+ |11⟩⟨00|), ω > 0, (20)

which acts as ωσx on the subspace {|00⟩, |11⟩}. Choose
initial state |ψ0⟩=(|00⟩−i|11⟩)/

√
2, maximally entangled,

S(0)= ln 2.

The PaW conditional state is

|ψAB(n)⟩=
cosωn−sinωn√

2
|00⟩− i(cosωn+sinωn)√

2
|11⟩.

(21)

The reduced state of A is diagonal:

ρA(n)=
1−sin 2ωn

2
|0⟩⟨0|+ 1+sin 2ωn

2
|1⟩⟨1|. (22)

The entropy derivative is

dS

dn
=−ω cos(2ωn) ln

1+sin 2ωn

1−sin 2ωn
. (23)

For n ∈ (0, π/4ω): cos(2ωn) > 0 and the logarithm is
positive, so dS/dn < 0 strictly throughout the interval.
The entropy decreases monotonically from S(0)= ln 2 to
S(π/4ω) = 0 while n increases from 0 to π/4ω. The
process-accumulation arrow points forward. The thermo-
dynamic arrow points backward. □

6.3. Genericity and �gures

The constructive model is not �ne-tuned. For �nite-
dimensional quantum systems, the independence of the
two arrows follows from quasi-periodicity of unitary evo-
lution. The eigenvalues of the evolution operator are
phases eiλjn, and the motion on the eigenvalue torus is
quasi-periodic. If S(n) is non-constant, it cannot increase
monotonically: quasi-periodicity forces it to return arbi-
trarily close to its initial value, so by continuity it must
decrease on some interval. The sole exception is constant
S(n), which requires the Hamiltonian and the initial re-
duced state to commute through the partial trace, a non-
generic condition.

Numerical sampling con�rms this. Over 500 random two-
qubit Hamiltonians drawn from the Gaussian Unitary En-
semble with Haar-random initial states, 100% of models
contain intervals of strictly decreasing entropy. For a four-
qubit system under a random GUE Hamiltonian, 54.8%
of individual evolution steps exhibit decreasing entropy.
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Figure 2: Two-arrow decomposition in the constructive
model. (a) entanglement entropy SvN/ ln 2 decreasing
monotonically with clock index n for n∈ (0, π/4ω). (b)
clock index n, non-negative and non-decreasing by con-
struction of N̂ . (c) both quantities on the same axis with
normalized scales: process-accumulation arrow increases,
thermodynamic arrow decreases. (d) eight random GUE
Hamiltonians, all showing entropy-decreasing intervals.

The phenomenon is a generic consequence of unitary evo-
lution in �nite-dimensional systems, not a property of
specially constructed models.

Figure 2 shows the constructive model directly and Fig-
ure 3 shows the four-qubit GUE system.

6.4. Physical interpretation

The decomposition distinguishes two formally indepen-
dent contributions.

The process-accumulation arrow is non-decreasing be-
cause the clock operator N̂ has non-negative spectrum.
This is not a dynamical fact. It holds for every Hamil-
tonian, every initial state, and every physical system. It
requires no appeal to boundary conditions, statistical me-
chanics, or the past hypothesis. It is what Nref means.

The thermodynamic arrow is the direction of entropy in-
crease in the observed universe. Theorem 2 shows that
this is not determined by the direction of the clock in-
dex. It is determined by the initial state of the universe,
a boundary condition on the constraint surface (the past
hypothesis). The two contributions are carried by di�er-
ent mathematical objects � a spectral property of N̂ and
a boundary condition on |Ψ⟩ � and the Nref formalism
makes the separation explicit.

The de�niteness of clock readings in PaW is secured by
the conditioning operation, projection onto clock eigen-
states within the entangled global state, not by environ-
mental decoherence. The Pikovski Ĥ0/γ coupling simul-
taneously generates the clock's tick rate and the decoher-
ence that makes readings de�nite, without importing the
thermodynamic arrow into the clock's operation.

The standard arrow-of-time problem was one problem be-
cause it was stated in terms of t. Under Nref it becomes
two problems with di�erent answers, one structural and

Figure 3: Four-qubit system with a Hamiltonian drawn
from the Gaussian Unitary Ensemble (GUE), illustrating
generic unitary dynamics. (a) Entropy with decreasing
intervals shaded, showing the non-monotonic character of
the thermodynamic arrow. (b) Entropy derivative dS/dn
with respect to clock index n, taking both signs through-
out the evolution. Together these constitute the construc-
tive witness for Theorem 2: the thermodynamic arrow is
determined by initial conditions, not by the direction of
n.

one empirical, and neither answer requires the other.

7. The Surplus Structure Audit

The domain mismatch established in Section 2 and the
substitution rules of Section 3 identify three R-properties
of the temporal parameter as candidates for surplus struc-
ture. Table 1 states each property, its mathematical
content, the operational counter-evidence from the Nref

framework, and the physical consequence if the property
is con�rmed surplus. Sections 5�7 establish each conse-
quence formally.

The three surplus properties identi�ed in Table 1 each
generate a speci�c result that has been taken to have
physical content. This section applies Rule 5 to each: is
the result derivable using Nref in place of t, or does it
depend on the surplus structure of R?

7.1. Closed timelike curves

A closed timelike curve is a smooth causal worldline sat-
isfying gµν ẋ

µẋν < 0 everywhere along its length that re-
turns to its own starting event in the spacetime mani-
fold. The question for the surplus structure audit is not
whether such solutions can be written down� they can �
but whether CTCs are predictions of GR in the sense that
they emerge from the theory's initial value formulation,
or whether their existence depends on structural features
of the mathematical representation that the theory's own
best-developed predictive framework excludes.

The Choquet-Bruhat�Geroch theorem. The
Choquet-Bruhat theorem (1952) establishes local exis-
tence and uniqueness of solutions to the Einstein �eld
equations from initial data on a spacelike Cauchy hyper-
surface [13]. Choquet-Bruhat and Geroch (1969) proved
the existence of a unique maximal globally hyperbolic
development (MGHD) for any admissible initial data
set [14]. A globally hyperbolic spacetime is, by de�nition,
one that admits a Cauchy surface � a spacelike hypersur-
face intersected exactly once by every inextendible causal
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Table 1: Surplus structure audit of the temporal parameter.

R-property Mathematical con-
tent

Operational counter-
evidence

Consequence (estab-
lished in)

Negative ex-
tension

t∈ (−∞, 0) licenses so-
lutions with Nref < 0

No accumulated transition
count is negative; Nref ≥ 0
by de�nition

WDW solution space
halved � independent
contracting modes ex-
cluded (�5, Theorem 1)

Loop-
admitting
topology

R admits identi�ca-
tion mod T ; the t-
coordinate can close
on itself

No physical clock has re-
turned to a previous tran-
sition count; ∆Nref ≥ 0 al-
ways

CTCs fall outside GR's
initial value formula-
tion (Choquet-Bruhat�
Geroch); Gödel so-
lution requires non-
constructible global
matter distribution
(�7.1)

Reversal
symmetry

t→−t is a symmetry
of R; admits ∆Nref <0

No temporal parameter re-
versal has been instanti-
ated as a physical opera-
tion

T in CPT is algebraic
modular conjugation J ,
not parameter reversal
� Borchers, Guido-Longo,
Mund [17, 18, 19] (�7.2)

curve. A spacetime containing a CTC admits no such
surface. The MGHD is therefore CTC-free.

This result is not a coordinate statement. It operates at
the level of the spacetime manifold: the unique maximal
development of any admissible Cauchy data is a manifold
with no closed causal curves. CTCs do not appear as
outputs of GR's initial value problem.

The status of the Gödel metric. The Gödel (1949)
rotating dust solution is a valid exact solution to the Ein-
stein �eld equations with a physically reasonable stress-
energy tensor (pressureless rotating dust with a tuned
cosmological constant) [15]. Its CTC structure is gen-
uinely topological: a worldline traversing a Gödel CTC
returns to the same spacetime event, not merely the same
coordinate label. The Gödel CTC is not a coordinate ar-
tifact.

What it is, however, is a solution outside the scope of the
initial value formulation. The Gödel universe requires a
speci�c global matter distribution that �lls all of space-
time simultaneously in a rotating con�guration. It cannot
be prepared from a Cauchy surface: there exists no space-
like hypersurface in the Gödel spacetime that functions
as initial data from which the solution can be uniquely
evolved. The Gödel solution is therefore not in the do-
main of the Cauchy problem � it is not a prediction of
GR in the sense that it cannot be derived from the the-
ory's initial value formulation applied to any physically
preparable initial state.

The Kerr interior CTC structure requires analytic exten-
sion beyond the Cauchy horizon, which is known to be
unstable under generic perturbation (strong cosmic cen-
sorship); the extension is not unique and lies outside GR's
predictive domain for the same reason.

The Nref argument: scope and limits. A separate ar-
gument applies at the level of physical clocks. Transport
a caesium clock along a Gödel CTC. At every point along
the trajectory, the atom accumulates hyper�ne transi-
tions; Nref increases monotonically throughout. When
the spacetime coordinate returns to its starting value, the

clock has accumulated additional transitions. It is not in
its previous physical state.

This argument does not refute the manifold-level topol-
ogy of the Gödel solution. It makes a di�erent, weaker
claim: even granting the Gödel manifold its full topologi-
cal structure, a physical clock traversing the CTC has no
physical realization of the �return� � its internal state
has changed irreversibly, and Nref does not repeat. The
operational content of �returning to a previous time� �
returning to a physical state indistinguishable from the
departure state � is not realized by any physical clock
on the Gödel trajectory.

The surplus structure claim, precisely stated.
Combining the two arguments: CTCs are not derivable
from GR's initial value formulation applied to physically
preparable initial data (Choquet-Bruhat�Geroch). The
solutions that contain CTCs � Gödel, Kerr interior �
occupy exactly the sector of the solution space that the
surplus structure of R in the temporal parameter licenses
and GR's own predictive framework excludes. The claim
is not that CTCs are impossible within GR as a formal
system; it is that they are not predictions of GR and that
their existence as solutions requires the loop-admitting
topology of R, which is surplus structure (Table 1, row 2).
This is a weaker and more defensible claim than �CTCs
are coordinate artifacts,� and it is su�cient for the sur-
plus structure argument.

7.2. T-symmetry and parameter reversal

T-symmetry has two components that must be kept sep-
arate. The �rst is parameter reversal: the equations of
physics are symmetric under t→−t. In Nref notation,
N→−N means negative accumulated transitions, which
is operationally meaningless. This component is a prop-
erty of the reversal symmetry of R, not a property of
the physical referent. The second component is dynam-
ical invertibility: given a �nal state, the equations can
reconstruct the initial state. The Hamiltonian generates
a unitary group, and the inverse map U(−t) =U†(t) ex-
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ists independently of whether it is physically instantiated.
Dynamical invertibility is physical and survives the Nref

substitution intact.

The apparent requirement for parameter reversal arises
from CPT. CPT symmetry is experimentally con�rmed.
CP violation is observed in kaon and B-meson systems.
Via the CPT theorem, T violation is inferred. This ap-
pears to require that T, and hence parameter reversal,
is physically meaningful. It does not, because the CPT
theorem does not require parameter reversal as an input.

The Tomita-Takesaki modular theory de�nes, for any von
Neumann algebra of observables with a cyclic and separat-
ing vacuum vector, an anti-unitary involution J (the mod-
ular conjugation) constructed from the algebraic struc-
ture of the observable algebra. No spacetime coordinates
enter the construction. The Bisognano�Wichmann the-
orem [16] shows that for wedge-region algebras in the
vacuum representation, this algebraically de�ned J imple-
ments the CPT transformation. Borchers (1992) proved
the algebraic CPT theorem for 2D theories [17]. Guido
and Longo (1995) established it for any model satisfy-
ing modular covariance [18]. Mund (2001) extended it to
massive 4D theories [19]. Swanson (2019) [20] provides
a philosophical analysis of the algebraic CPT theorem's
conceptual foundations. In each case, the operational con-
tent of T is carried by the anti-unitarity of J , not by the
transformation t→−t. The algebraic construction pro-
duces the full CPT operator; it does not decompose into
independent C, P, and T factors. The combined operator
is su�cient for all con�rmed physical predictions; the sep-
arate t→−t reversal, while mathematically available in
the real-number representation, does not appear in any
derivation of observable consequences.

What T-violation experiments measure is consistent with
this account. The CPLEAR (CERN, 1998) and BaBar
(SLAC, 2012) experiments compared forward and reverse
transition rates with appropriate quantum number con-
jugation. No temporal parameter was reversed in either
experiment. What was measured was an asymmetry un-
der the anti-unitary operator acting on states, a property
of the S-matrix's algebraic structure.

Parameter reversal (t→−t) is therefore surplus in the
proof of CPT, not in the physics of CPT. The algebraic
reformulation provides a proof that uses no parameter re-
versal as input and recovers the same theorem. Roberts
(2022) [23] gives a comprehensive treatment of this dis-
tinction. The remaining open question is whether the al-
gebraic CPT theorem extends to the full Standard Model
including massless gauge �elds, Haag's conjecture [22]:
a technical question about the scope of the Bisognano�
Wichmann property, not a conceptual challenge to the
surplus structure identi�cation.

CPT symmetry is fully intact within the Nref framework.
The surplus structure identi�cation concerns the proof
strategy, not the theorem. The algebraic CPT theorem
constructs the same symmetry from modular conjugation
J � a property of the observable algebra independent
of any temporal coordinate. CP violation, T violation
inferred via CPT, and the full experimental record are
unchanged. What is surplus is the identi�cation of T with
t→−t; the operational content of T is J , which requires

no temporal parameter to de�ne.

7.3. The block universe

The block universe is the interpretation that all values
of t exist with equal ontological status: past, present,
and future events are equally real members of the four-
dimensional manifold. Its apparent inevitability comes
from R, in which every real number is a member of the
set with equal standing. Equal mathematical status in R
is not equal physical status in nature.

The standard argument for the block universe is the
Rietdijk-Putnam-Penrose argument [24, 25]. Relativity
of simultaneity means that what is present is observer-
dependent. If two observers in relative motion disagree
about which events are simultaneous with a given event,
and each observer's present is equally real, then all events
must be equally real. The block universe follows.

The argument con�ates two claims. The �rst claim, that
there is no observer-independent present, is a consequence
of Lorentz structure and is con�rmed. The second claim,
that all events exist equally, is a philosophical addition.
Observer-dependence of the present entails relational on-
tological status, not equal ontological status.

Under Nref this is explicit. Di�erent observers have dif-
ferent accumulated counts. The events they condition on
in the PaW framework di�er. No observer-independent
present exists. This is relativity of simultaneity without
eternalism. Future counts are what the constraint struc-
ture determines will occur, not members of a completed
totality that already exists. A count of events that have
not yet been completed is not a count. It is a prediction.

The block universe is not refuted by this argument. A
committed eternalist can maintain the position from an
external perspective. What changes is its status: before
Nref , the block universe appeared to follow automatically
from the mathematics of t∈R. After the substitution, it
requires an independent philosophical commitment that
the formalism does not supply. The burden of justi�ca-
tion reverses.

Nref is not a global temporal coordinate shared across all
subsystems simultaneously. It is the eigenvalue of a local
quantum observable N̂ acting on a speci�c reference sub-
system Sref . Di�erent observers carry di�erent clock op-
erators with di�erent eigenvalue sequences; no observer-
independent Nref exists. This is not Newtonian absolute
time with new notation. The precise relation between two
observers' local Nref sequences is the (k, 1/k) asymme-
try of Section 8: the Lorentz transformation is the book-
keeping relation between two count-based ledgers, each
local, neither privileged. Lorentz covariance is preserved;
a global present is not posited.

7.4. The computational gauge pattern

A natural objection to Table 1: the three properties listed
are not physically idle: they do essential computational
work throughout the formalism. The Feynman propa-
gator requires negative-frequency contributions. Stone's
theorem requires t ∈ R for the group inverse U(−t) =
U†(t); without it, the generator need not be self-adjoint
and energy need not be a well-de�ned observable. Wick
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rotation t→−iτ extends the parameter into the complex
plane and is indispensable for lattice QCD, thermal �eld
theory, and tunneling amplitudes.

The objection is correct and does not challenge the con-
clusion. The pattern is the same as for gauge redundancy
in electromagnetism. The vector potential Aµ carries sur-
plus structure: gauge freedom. QED cannot be formu-
lated without it; it is computationally essential. But
every measurable quantity is gauge-invariant: the sur-
plus enters the calculation and exits before the observable.
The temporal parameter's surplus structure behaves iden-
tically. At every level of the formalism examined, the
three R-properties enter intermediate calculations and
exit before the physical prediction. This is computational
gauge.

Three cases establish the pattern:

Case 1: The constraint picture. The PaW constraint
Ĥ|Ψ⟩=0 and the Wheeler�DeWitt equation contain no
temporal parameter. The clock spectrum determines the
ordering of conditional states. The surplus of R never
enters. Every prediction of the timeless formalism is a
correlation between subsystem states, a non-negative real
number between ordered con�gurations.

Case 2: The algebraic CPT theorem. The Jost
(1957) proof [21] constructs CPT via analytic continua-
tion within the complexi�ed Lorentz group, an explicit
and aggressive use of the surplus. The Borchers-Guido-
Longo-Mund proof [17, 18, 19] constructs the identical
CPT transformation from the modular conjugation J of
wedge-region algebras, without parameter reversal as in-
put. Same theorem, two proofs: one that uses the surplus,
one that does not. The surplus was in the proof, not in
the physics.

Case 3: The Feynman propagator. Every internal
line in every Feynman diagram includes both positive and
negative frequency contributions. The negative-t surplus
is used at every order of perturbation theory. The ob-
servable (the cross-section, the decay rate, the scattering
amplitude) is always a non-negative real number com-
puted between states at ordered parameter values. The
Schwinger proper-time representation reparametrizes the
same propagator with auxiliary parameter s≥ 0, recover-
ing identical physics without the coordinate-time parame-
ter going negative [28]. The surplus entered the Feynman
representation and exited before the S-matrix element.

The pattern is systematic across all cases examined. In
the deparametrized picture the surplus enters through the
toolkit requirement for calculus, not through the physics.
In the Wick-rotated picture the KMS condition de�nes
thermal equilibrium algebraically [22] without requiring
imaginary time; the periodicity in imaginary t is a prop-
erty of the KMS state, not a physical traversal of t < 0.
In the Feynman-Stückelberg picture the positron propa-
gating backward in t is equivalent to a distinct particle
propagating forward, with every measured property pre-
dicted identically by both descriptions.

The diagnostic (Rule 5 applied). For each R-
property in Table 1, ask whether a representation-free for-
mulation exists that produces identical predictions with-
out that property. If it exists, the property is compu-

tational gauge. For all three rows of Table 1, the an-
swer is yes: the constraint picture for negative extension,
the algebraic CPT theorem for reversal symmetry, and
GR's initial value formulation for loop-admitting topol-
ogy (established in �7.1). The surplus structure claim is
therefore not falsi�ed by the computational utility of the
surplus. Utility within a representation is not evidence of
physical content.

Part II formalizes this as CG1�CG3 using Stone's theo-
rem and KMS analyticity [38].

8. The Bondi Closure � Simultaneity as a Ledger
Artifact

8.1. The remaining gap, now closed

The surplus structure claim established in Sections 2
through 7 covers the time dilation sector of the Lorentz
group completely. The 1/γ suppression of internal dynam-
ics is the Pikovski Hamiltonian, derived from the mass-
shell constraint, con�rmed by the Smith�Ahmadi equiva-
lence, and grounded in the SI de�nition. The simultaneity
sector remained to be derived: the −vx/c2 term in

t′ = γ(t−vx/c2), x′ = γ(x−vt) (24)

had not been obtained within the Nref framework without
importing the Lorentz group as external mathematical in-
put. The −vx/c2 term is a synchronization o�set between
spatially separated Nref counts connected at �nite speed;
this section provides the quantitative derivation.

The derivation is Bondi's k-calculus [27]. Bondi's prim-
itive objects are clock readings and light signals. These
are identically the operational primitives already in use:
internal state-transition counts and the SI de�nition of
distance as light-travel count. The k-calculus was already
the count-based derivation of the full Lorentz transforma-
tion. What the Nref framework adds is the recognition
that Bondi's primitives are not a pedagogical simpli�ca-
tion of the standard derivation. They are the physically
fundamental quantities. The derivation presented here is
Bondi's; the interpretation is new.

8.2. Three ingredients, the full transformation

The derivation uses three operational inputs: transition
counts Nref measured by inertial observers carrying phys-
ical clocks; a �nite signal speed c connecting them; and
the relativity principle, realized here via the Ignatowsky
conditions (homogeneity of the count space and isotropy)
which the radar protocol implicitly satis�es [11]. No
temporal manifold, no spatial background geometry, no
synchronization convention, and no Lorentz group is as-
sumed.

The connection to the PaW framework is direct. Nref here
denotes the eigenvalue of the clock observable N̂ from
Section 3, with spectrum σ(N̂)⊆N0. The counts NP ,
N ′

P , NT , N
′
T are outcomes of N̂ measurements on two

physical clock systems. The Bondi derivation operates on
these measurement outcomes; it is a derivation about the
statistics of quantum clock eigenvalues, not a separate
classical framework. The continuous limit is taken for
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convenience; the derivation requires only that the count
ratios are well-de�ned.

The k-factor. Observer P sends a light signal at count
NP toward observer T receding at velocity ratio β. De�ne
the received-to-sent count ratio:

k=
NT (received)

NP (sent)
. (25)

This is a pure count ratio. It encodes two e�ects: classical
Doppler shift from the recession, and mass-shell tick rate
suppression from 1/γ. P sends at NP ; T re�ects at kNP ;
P receives the echo at k2NP . Radar assignment gives
velocity β=(k2−1)/(k2+1). Solving for k:

k=

√
1+β

1−β
=(1+β)γ. (26)

The two factors are the classical Doppler factor (1+β)
and the mass-shell suppression γ, explicit in the product.

The coordinate transformation. For an arbitrary
event E, observer P sends at count NP , receives the
echo at N ′

P , and assigns coordinates tP = (N ′
P +NP )/2,

xP = (N ′
P −NP )/2. Observer T does the same. The

two ledgers connect through k: outgoing signals satisfy
NT = kNP , returning signals satisfy N ′

T =N ′
P /k. Sub-

stituting into T 's radar coordinates and expanding using
(k+1/k)= 2γ and (k−1/k)= 2βγ:

tT = γ(tP −βxP ), xT = γ(xP −βtP ). (27)

t′ = γ(t−vx/c2), x′ = γ(x−vt). (28)

The full Lorentz transformation, including the simultane-
ity term, follows from the three operational inputs above.
No step required t ∈R, a spatial background, a metric,
or the Lorentz group as input. The derivation works
with count ratios throughout; the continuous extension
to [0,∞) provides the algebraic toolkit, as described in
Section 3.2.

8.3. The −vx/c2 term: origin and interpretation

The origin of the simultaneity term is transparent from
the derivation. When P assigns a temporal coordinate to
a distant event, P uses the midpoint of send and receive
counts: tP = (N ′

P +NP )/2. When T does the same, T 's
midpoint di�ers because k stretches outgoing counts by a
factor of k and compresses returning counts by 1/k. The
asymmetry scales with spatial separation: more distant
events require longer signal travel, and k acts over a longer
baseline.

The −vx/c2 term is the accumulated (k, 1/k) asymme-
try over the spatial baseline x. It is not a property of
time. It is not a property of space. It is a property of
how two count-based measurement ledgers, connected by
light signals and ticking at mass-shell-constrained rates,
necessarily disagree about the midpoint assignment for
distant events.

Einstein's train [12] makes this concrete (Figure 4). Light-
ning strikes both ends of a moving train simultaneously

Platform observer P Passenger T (moving at β)

N₀+L

N₀+½L

N₀

N₀−½L

N₀−L

Rear strike Front strike

Both signals arrive
at N₀ + ½L

P: simultaneous

Rear strike

Front strike

N₀/k
Front arrives first

N₀·k
Rear arrives later ΔNᴛ = N₀(k − 1/k)

= 2N₀βγ

T: not simultaneous

The vertical gap between T's two receptions is the −vx/c² term: the (k, 1/k) asymmetry

accumulated over the spatial baseline. P sees one line. T sees two. The disagreement is bookkeeping.

Figure 4: Einstein's train in k-calculus. The platform
observer P receives both lightning signals at the same
count. The train passenger T moves toward the front
strike (k<1, approaching) and away from the rear (k>1,
receding), so the two signals arrive at di�erent T -counts.
The simultaneity disagreement is arithmetically forced by
the k-factor over the spatial baseline.

in the platform frame: the platform observer P receives
both signals at the same count, equidistant from both
strikes. The train passenger T , at the midpoint of the
train, moves toward the front strike and away from the
rear. The front signal arrives at a lower T -count because
k < 1 for the approaching signal; the rear signal arrives
at a higher T -count because k > 1 for the receding sig-
nal. The simultaneity disagreement is the di�erence be-
tween two midpoint assignments, a counting asymmetry
between two ledgers measuring the same pair of physical
events. No manifold geometry is required. No convention
is chosen. The disagreement is arithmetically forced by
the k-factor and the spatial baseline.

8.4. What this establishes

The surplus structure claim now extends to the full
Lorentz group. Every component of (21) is a bookkeeping
relation between count-based radar ledgers:

Time dilation: the diagonal term, from 1/γ tick rate sup-
pression in the mass-shell constraint. Length contraction:
the spatial consequence of the same suppression. Rela-
tivity of simultaneity: the o�-diagonal term, from the
(k, 1/k) asymmetry accumulated over the spatial baseline.

The quali�er that the surplus structure claim was estab-
lished for the time dilation sector and structurally sup-
ported for the full group is removed. The continuous
manifold representation with t∈R is computational gauge
throughout the full Lorentz group, not only in the time
dilation sector.

The Minkowski metric ηµν = diag(−1,+1,+1,+1) was
not assumed anywhere in the derivation. The minus sign
that distinguishes the temporal component from the spa-
tial components emerges from the (k, 1/k) asymmetry �
the formal proof that the non-compactness of the boost
group forces inde�nite signature is given in Part II (the
signature theorem) [38]. It is not a primitive feature of
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a four-dimensional manifold. It is the algebra of how
counting systems constrained by the mass-shell relation
translate each other's ledgers.

8.5. Surplus structure audit of the derivation

We apply Rule 5 to each component of the Lorentz trans-
formation explicitly, con�rming that the derivation of Sec-
tion 8.2 avoids each of the three surplus properties iden-
ti�ed in Table 1.

Negative extension (t < 0). The derivation operates
entirely with count ratios NP , N ′

P , NT , N ′
T , all of

which are non-negative by de�nition (they are accumu-
lated state-transition counts). The k-factor is de�ned as
k=NT (received)/NP (sent), a ratio of two non-negative
quantities. The radar coordinate assignments tP =(N ′

P +
NP )/2 and xP = (N ′

P −NP )/2 can yield negative xP (if
the echo arrives before the send, which cannot happen)
but never negative tP , since N

′
P ≥NP always. No step

invokes a solution with t < 0. The full Lorentz transfor-
mation (equation 28) is recovered without any count ever
going negative. Negative extension is not required.

Loop-admitting topology. The derivation is acyclic
by construction: P sends at NP , T receives at kNP >
NP , T re�ects, P receives at k2NP > kNP . The count
index strictly increases at every step. The transformation
relates two observers' coordinate assignments to the same
set of events; it does not require any count to return to a
previous value. Loop-admitting topology is not required.

Reversal symmetry (t→−t). The k-calculus is asym-
metric by construction: k ̸=1/k for β ̸=0. The asymme-
try between k (outgoing) and 1/k (returning) is precisely
the content of the −vx/c2 term: it is the accumulated
(k, 1/k) asymmetry over the spatial baseline. The deriva-
tion does not use t→−t at any step. The sign of β enters
through the convention β→−β in equation (28), which
corresponds to relabeling which observer is called P and
which T ; it is a notational choice, not a physical rever-
sal of the temporal parameter. Reversal symmetry is not
required.

The conclusion follows directly. The full Lorentz transfor-
mation, including the −vx/c2 simultaneity term, is deriv-
able from the operational inputs of Section 8.2, without
any step that requires the temporal parameter to be neg-
ative, to loop, or to reverse. The surplus structure of R
in t is therefore computational gauge throughout the en-
tire Lorentz group, not only in the time dilation sector
previously established. This is the claim of Section 8; the
audit above establishes its internal consistency.

8.6. The three roles of the temporal parameter

The Bondi closure completes the surplus structure claim
for the full Lorentz group. It also makes explicit the lay-
ered structure anticipated in Section 3.2: counting is a
property of one system; time is a ratio between two; co-
ordinate time is a protocol among many. The parameter
t plays three distinct roles in physics, each of which bot-
toms out in Nref .

Local Nref . In most of physics � the Schrödinger equa-
tion, Hamilton's equations, decay rates, transition fre-
quencies, oscillation periods, statistical mechanics, �uid
dynamics, Maxwell's equations in a single frame � the

parameter t is the continuous extension of a local Nref .
No second observer is present. No coordination occurs.
What the physicist calls t in these contexts is the count
of transitions accumulated by the lab clock, continuously
extended to permit derivatives and path integrals. The R
structure is the mathematical toolkit (formalized as CG1
in Part II [38]); the operational content is local Nref . This
accounts for the large majority of appearances of t in the
physics literature.

Coordination. In the multi-observer setting of this sec-
tion, t plays a di�erent role. The coordinate time that P
assigns to a distant event is not P 's local Nref � it is P 's
estimate of what Nref would read at that event, inferred
from signal round-trips. It is a coordination artifact con-
structed from pairwise Nref agreements via the Bondi pro-
tocol. For N observers, the construction extends by tran-
sitivity of the k-factor (Part II, the k-factor transitivity
lemma [38]). The R domain of coordinate time is the do-
main of the coordination protocol under unlimited exten-
sion: negative values correspond to assignments before
any physical Nref began counting; reversals correspond
to running the protocol backward; loops correspond to
assignments that return to previous ledger entries. None
of these are physical.

Surplus and toolkit. The surplus structure enters
through both routes. The mathematical toolkit requires
it (Stone's theorem, Feynman propagators, Wick rota-
tion � formalized as CG1�CG3 in Part II). The coordina-
tion protocol extends into it (negative coordinate times,
backward-running ledger agreements). In both cases, the
extensions have no physical Nref counterpart. The sur-
plus is not an incidental feature of a particular formal-
ism; it is the systematic structure that the R toolkit and
the coordination protocol jointly produce when extended
beyond the domain of physical counting.

The three roles of t are not three di�erent quantities.
They are one quantity � accumulated physical process
count � viewed at three levels of description: local mea-
surement, inter-observer coordination, and mathemati-
cal extension. The operational content at every level is
exhausted by Nref . The three-way partition is formal-
ized in Part II (�3.10) [38]. The quantum corrections of
Part III [39] operate at both the local and coordination
levels.

9. Discussion

9.1. What the geometric ontology gets right

The standard geometric formulation of physics is not su-
perseded by this analysis. It is a valid limiting descrip-
tion within the resource constraint framework, in the
same way that Newtonian mechanics is a valid limiting
description within relativistic mechanics. Every empiri-
cally con�rmed prediction of the standard formulation is
preserved under the Nref substitution. The equations are
unchanged. The domain of physical solutions is restricted.
Within the con�rmed domain, the geometric and resource
constraint descriptions are operationally identical.

What the Nref framework provides is a precise account of
where the domain boundaries are. Closed timelike curves,
parameter reversal as a physical operation, and the block
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universe as the default reading of the formalism all lie
outside the empirically con�rmed domain. They occupy
the surplus structure of R, the three properties listed in
Table 1, none of which any experiment has ever con�rmed
as features of physical reality. The geometric ontology
works within its domain. The Nref framework identi�es
what lies at its edges.

9.2. Summary of the audit

Table 1 listed three surplus properties and three conse-
quences. Each has been established by the end of Section
7. Negative extension of R: the WDW solution space is
halved under the domain restriction (Theorem 1, Section
5), and independently contracting universe solutions ex-
ist only in the surplus sector. Loop-admitting topology:
CTCs fall outside GR's initial value formulation and de-
pend on the surplus topology of R in the Gödel and Kerr
cases (Section 7.1). Reversal symmetry: the operational
content of T in CPT is carried by the modular conjuga-
tion J , not by parameter reversal (Borchers-Guido-Longo-
Mund, Section 7.2), and the block universe loses its status
as the default reading of the formalism (Section 7.3).

In each case examined, the surplus enters intermediate
calculations and exits before every physical observable.
That is the de�nition of computational gauge. The sur-
plus structure of R in the temporal parameter is essential
to the mathematical toolkit and absent from the opera-
tional content, in the same way that gauge freedom in
electromagnetism is essential to QED and absent from
every cross-section.

9.3. Why the constraint exists

A question remains about the status of the budget equa-
tion itself. The standard presentation takes the mass-
shell relation as a Casimir invariant of the Poincaré group
and derives the budget equation from it. In this paper
the logical direction is reversed: the budget equation is
derived from counting and vacuum symmetry (Part II,
the signature theorem [38]), and the mass-shell relation
is one of its projections (Section 4.4). But neither presen-
tation explains why a constraint of this form exists in the
�rst place.

The Nref framework o�ers a structural answer. In New-
tonian mechanics the temporal reference is dynamically
inert � an abstract parameter with no mass, no energy,
and no coupling to the system it parametrizes. Rates
de�ned against such a parameter are unconstrained: a
Newtonian system may move at any speed with no con-
sequence for its internal dynamics. There is no budget
equation because the denominator of every rate is free.

When the temporal reference is required to be a physi-
cal system � a composite object satisfying Abridge, re-
siding on the same constraint surface as the systems it
measures � the situation changes. Two physical systems
computing count ratios between each other are both sub-
ject to the mass-shell relation, and those ratios compose
multiplicatively (the transitivity of count ratios, formal-
ized as the k-factor transitivity lemma in Part II [38]).
The resulting multiplicative group is non-compact, forc-
ing an inde�nite invariant form, which is the budget equa-
tion. The derivational chain is: physical denominators →

constrained count ratios → multiplicative group → non-
compact structure → inde�nite form → budget equation
→ mass-shell relation. Each step is either de�nitional
(what ratios do), empirical (no maximum boost), or a
theorem of group theory (the non-compact inde�nite form
lemma of Part II [38]). The constraint exists because the
denominator of every physical rate is itself physical.

The Newtonian limit is recovered when the denominator
becomes abstract � when the reference clock is taken
to be ideal, massless, and dynamically decoupled from
the system. In that limit the budget equation reduces to
(dτ/dt)2 =1, the constraint becomes trivial, and spatial
motion ceases to compete with internal dynamics. The
Galilean group, with its unconstrained velocity addition,
is the symmetry group of free denominators.

9.4. The revised hierarchy

The clock-independence analysis of Section 4 and the bud-
get equation foregrounding of Section 2.2 establish a re-
vised logical hierarchy for the framework's core claims.
The complete input�output chain is:

Inputs: counting axioms N1�N4; relativity principle (in-
ertial composition); spatial isotropy; spatial homogene-
ity; quantum mechanics with a stable vacuum (Abridge �
physically automatic).

Derived (Part II, the group-property propositions and
signature theorem [38]): k-factor composition → non-
compact Lie group → inde�nite bilinear form → budget
equation (dτ/dt)2+v2/c2 =1.

Applied to any Nref realization: clock must be com-
posite (structureless particles cannot tick) → in our uni-
verse, composite = quantum �elds + stable vacuum =
Abridge → Ĥ0 identi�ed (whatever internal dynamics the

clock counts) → mass-shell constraint: Ĥphys = Ĥ0/γ on
Σ (exact via budget equation; Pikovski route approximate
when Ĥ0 ≪mc2).

Consequence: all clocks in our universe dilate by 1/γ
(mean rate), by the same mechanism: the budget equa-
tion limits internal transition rate. The speci�c route
(geometry, Hamiltonian, proper time) is a projection of
this single constraint.

The three-way partition of Section 8.6 � local Nref , coor-
dination, surplus � locates each appearance of t in this
hierarchy. Local uses are the measurement layer; coordi-
nation uses are the bookkeeping layer; surplus uses are
the toolkit layer. All three bottom out in Nref .

9.5. Open problems

Three problems remain precisely scoped.

The �rst is the quantum extension of the Bondi result.
Section 8 establishes the Lorentz transformation from
Nref counts at the kinematic level. Part III [39] develops
this extension: the k-factor becomes a quantum operator
with a two-sector decomposition, and the resulting alge-
bra produces quantum corrections with experimentally
distinguishable signatures.

The second is Haag's conjecture [22]. The algebraic CPT
theorem is established for 2D theories, theories satisfying
modular covariance, and massive 4D theories. Whether
it extends to the full Standard Model including massless
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gauge �elds is a technical question about the scope of
the Bisognano�Wichmann property whose resolution will
either complete or bound the surplus structure identi�ca-
tion for parameter reversal.

The third concerns experimental contact. The Nref frame-
work does not modify the equations of physics and there-
fore does not, by itself, predict deviations from standard
relativistic quantum mechanics. Its contribution is struc-
tural: it identi�es which features of the formalism carry
physical content and which are surplus, and it organizes
known quantum corrections (the sector decomposition of
Part III [39]) under a single structural cause. The frame-
work would acquire direct experimental leverage if the do-
main restriction of the temporal parameter produced ob-
servable consequences � as Theorem 1 demonstrates for
the WDW minisuperspace, where the restricted domain
halves the solution space. Whether analogous domain-
restriction e�ects arise in laboratory quantum systems is
open. Separately, the quantum corrections organized by
the sector decomposition � distinguishable by angular
detection geometry as shown by Grochowski et al. [30]
� provide experimental tests of the structural claims of
Part III, and distributed quantum clock networks such as
those proposed by Covey, Pikovski and Borregaard [29]
o�er a route to observing quantum time dilation in curved
spacetime.

10. Conclusion

The temporal parameter t ∈ R carries three properties:
negative extension, loop-admitting topology, and rever-
sal symmetry. No experiment has con�rmed any of them
as features of physical reality. The operational content
of t is Nref : the accumulated state-transition count of
a reference system, non-negative and monotonically non-
decreasing. The SI second is one realization; the ax-
iomatic characterization (N1�N4) is independent of the
choice of clock.

Theorem 1 establishes that restricting the Wheeler�
DeWitt scalar-�eld clock to its operationally grounded do-
main ϕ∈ [0,∞) halves the minisuperspace solution space.
Independent contracting universe solutions exist only in
the surplus structure of R.
Theorem 2 establishes that the process-accumulation ar-
row, a spectral property of the clock operator, and the
thermodynamic arrow, determined by boundary condi-
tions on the constraint surface, are formally independent.
The single symbol tmerged them. The symbolNref makes
them separate.

Section 8 establishes that the full Lorentz transformation,
including the −vx/c2 simultaneity term, is derivable from
transition counts, light signals, the mass-shell constraint,
and the Ignatowsky conditions � operationally accessi-
ble inputs far weaker than full Poincaré covariance. The
surplus structure claim extends to the full Lorentz group.

The parameter t plays three roles � local clock count,
inter-observer coordination, and mathematical toolkit ex-
tension � each of which is exhausted by Nref (Sec-
tion 8.6).

Results depending on the surplus (closed timelike curves,
parameter reversal as a physical operation, and the block

universe as the default reading of the formalism) are not
predictions of physics. They are consequences of mod-
eling the temporal parameter with R and inheriting its
structure without examination. They require indepen-
dent empirical con�rmation that does not exist.

Part II [38] provides the axiomatic and categorical foun-
dations of this framework. Part III [39] extends the Bondi
closure to quantum clocks, developing the k-operator al-
gebra and its experimental consequences.
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