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The Essentiality of Irreducible Indeterminacy

Abstract

We investigate the following hypothesis: if the universe were rewound to the initial conditions of
the Big Bang and permitted to evolve again under identical physical laws, the resulting
cosmological history would diverge from the one we observe. We argue that this divergence is not
merely epistemic—a consequence of practical limitations on our knowledge—but reflects an
irreducible ontological indeterminacy in the quantum mechanical description of nature. Our
argument proceeds in three stages. First, we establish that the experimental violation of Bell
inequalities, combined with the Kochen-Specker theorem, eliminates local hidden variable
completions of quantum mechanics, rendering the indeterminacy of individual measurement
outcomes a feature of the theory that cannot be removed without sacrificing locality or
measurement independence. Second, we analyze the distinct causal roles of unitary evolution and
measurement-induced state reduction, arguing that in any cosmological re-run containing physical
subsystems capable of producing irreversible records—what we term ‘effective observers’—the
branching structure of outcomes would generate a divergent macroscopic history. Third, we
examine whether a fully deterministic interpretation (Bohmian mechanics, superdeterminism, or
Everettian many-worlds) can preserve the appearance of cosmological uniqueness, and find that
each either relocates rather than eliminates the indeterminacy, or requires auxiliary commitments
that are independently objectionable. We conclude that on the most defensible interpretations of
quantum mechanics, the cosmological trajectory is not uniquely determined by initial conditions
and dynamical laws, and that this non-reproducibility has implications for the metaphysics of
modality, the status of natural laws, and the coherence of Laplacean determinism.

1. Introduction

Consider a thought experiment of maximal scope. Suppose it were possible to rewind the
universe to the Planck epoch—to the very instant at which the observable cosmos emerged from
the initial singularity—and to restart it under conditions identical in every specifiable respect.
Would the resulting universe reproduce the one we inhabit? Would galaxies form in the same
locations, planets coalesce around the same stars, biological evolution follow the same trajectory?

Classical determinism, articulated with canonical precision by Laplace (1814), answers
unequivocally: yes. A sufficiently informed intelligence, knowing the positions and momenta of
every particle, could calculate the entire future (and past) of the cosmos. The laws of Newtonian
mechanics, being deterministic and time-reversible, guarantee that identical initial conditions
produce identical histories. The same holds for classical field theories, including general relativity
considered in isolation.
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Quantum mechanics disrupts this picture fundamentally. The standard formalism—the
Dirac-von Neumann axiomatisation—contains an irreducibly stochastic element: the Born rule
assigns probabilities, not certainties, to measurement outcomes. The Heisenberg uncertainty
relations place absolute bounds on the simultaneous specifiability of conjugate observables. The
question is whether this indeterminacy is ontological (a feature of reality itself) or epistemic (a
reflection of our ignorance of underlying deterministic variables). The answer determines whether
our thought experiment has a definite resolution.

This paper defends the thesis that quantum indeterminacy is irreducible and ontological, and
that this has the consequence that a re-run of the universe from identical initial conditions would
not, in general, reproduce the same macroscopic history. We term this the Non-Reproducibility
Thesis (NRT). The argument is structured as follows. Section 2 states the thesis formally and
identifies the premises required for its defence. Section 3 examines the experimental and
theoretical evidence for irreducible indeterminacy, centred on Bell’s theorem and its loophole-free
experimental confirmation. Section 4 analyses the role of decoherence and effective observation
in cosmological evolution. Section 5 considers whether deterministic interpretations—Bohmian
mechanics, many-worlds, and superdeterminism—can evade the NRT, and argues that they cannot
do so without unacceptable costs. Section 6 addresses the relationship between non-locality and
the NRT. Section 7 evaluates the strength of the evidence and considers the null hypothesis.
Section 8 concludes with an assessment of what the NRT implies for natural philosophy.
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Figure 1: Rewinding of Cosmological Clock



The Essentiality of Irreducible Indeterminacy

There exist no grounds within any empirically adequate interpretation
of quantum mechanics for the expectation that the macroscopic history
of a cosmological re-run would be identical to our own.

Divergence is not merely / - 57
epistemic (human ignorance).\ > — 555
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ontological feature of nature. >~

Exact macroscopic reproduction
is physically impossible without
conspiratorial fine-tuning.

Figure 2: Non-Reproducibility Thesis
2. Formal Statement of the Non-Reproducibility Thesis

2.1. The thesis

Let U denote the physical universe from the Planck time t, to the present epoch to. Let A
denote the complete set of physical laws (the Standard Model Lagrangian, general relativity, and
any yet-unknown laws operative at Planck-scale energies). Let W(t,) denote the complete
specification of the quantum state of the universe at t,. Define a cosmological re-run as a universe
U’ evolving from the same ‘¥(t,) under the same A. Then:

Non-Reproducibility Thesis (NRT): There exist no grounds, within any empirically adequate
interpretation of quantum mechanics that preserves locality and measurement independence, for
the expectation that the macroscopic history of U' would be identical to that of U.

The NRT is a conditional claim. It does not assert that indeterminacy is metaphysically
necessary in some absolute sense; rather, it asserts that given the structure of quantum mechanics
as confirmed by experiment, and given the rejection of conspiracies between initial conditions and
measurement choices, macroscopic cosmological uniqueness is not guaranteed.
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2.2. Required premises

The NRT depends on the following premises, each of which we shall examine and defend:

Premise | (Quantum Formalism). The physical world is correctly described by a theory whose
mathematical structure includes (a) a complex Hilbert space of states, (b) self-adjoint operators
representing observables, (c) unitary time evolution generated by a Hamiltonian, and (d) a rule
(the Born rule) assigning probabilities to measurement outcomes via |[a;|y) |2

Premise Il (Violation of Bell Inequalities). Nature violates Bell-CHSH inequalities, as
confirmed in loophole-free experiments, ruling out local hidden variable completions of quantum
mechanics.

Premise 111 (Measurement Independence). The choice of measurement settings is statistically
independent of the hidden variables (if any) that may determine outcomes. This is sometimes

called the ‘free choice’ or ‘no-conspiracy’ assumption.

Premise IV (Cosmological Amplification). Quantum-scale indeterminacies are amplified to
macroscopic, cosmologically significant scales through (a) chaotic dynamics, (b) decoherence-
induced branching, and (c) structure formation from quantum vacuum fluctuations during
inflation.

Premise V (Effective Observation). Any physical interaction that produces an irreversible record
constitutes an ‘effective observation’ sufficient to induce decoherence and outcome selection,
independent of the involvement of consciousness or sentient beings.

3. The Case for Irreducible Indeterminacy

3.1. The uncertainty principle is not about ignorance

Heisenberg’s uncertainty relation, Ax-Ap > £/2, is frequently mischaracterised as a statement
about the limitations of measurement apparatus. On this reading, a particle possesses definite
position and momentum, but we cannot simultaneously determine both. Were this correct,
guantum uncertainty would be epistemic, and the NRT would be unsupported.

The mathematical structure of quantum mechanics excludes this reading. The uncertainty
relation is a theorem of Hilbert space geometry: for any state |y) , the product of the standard
deviations of non-commuting observables satisfies AA-AB > '4|( [A,B]) |. This is not a statement
about measurement disturbance but about the structure of the state itself. A state with sharply
defined position simply does not have a sharply defined momentum, in the same sense that a wave
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packet with a narrow spatial profile does not have a narrow frequency profile. The uncertainty is
a mathematical property of the Fourier transform, not an artefact of observation.

Kennard’s 1927 derivation, which Heisenberg himself initially misunderstood, establishes
this rigorously. The relation holds for the state |y) irrespective of whether any measurement is
performed. It is a constraint on preparation, not on observation.

3.2. Bell’s theorem and the death of local realism

The decisive argument against epistemic interpretations of quantum indeterminacy is Bell’s
theorem (1964). Bell demonstrated that any theory satisfying two conditions—Iocality (no
superluminal influences) and realism (measurement outcomes are determined by pre-existing
properties)—must satisfy a family of statistical inequalities. The CHSH form states that for any
local hidden variable theory, the quantity S satisfies |S| <2, where S combines correlation functions
between distant measurement outcomes at different detector settings.

Quantum mechanics predicts that entangled states violate this bound, reaching [S| = 2V2 ~
2.828 (the Tsirelson bound). The experimental history is well known: Freedman and Clauser
(1972), Aspect et al. (1982), and culminating in the 2015 loophole-free tests by Hensen et al. at
Delft (S = 2.42 £ 0.20, electron spins separated by 1.3 km), Giustina et al. in Vienna (photons,
11.56 violation, p < 3.74 x 1073"), and Shalm et al. at NIST. These experiments simultaneously
closed the detection and locality loopholes, earning Aspect, Clauser, and Zeilinger the 2022 Nobel
Prize in Physics.

The logical structure of the argument is a disjunctive syllogism. Bell’s theorem establishes:
if locality AND realism, then [S| < 2. Experiment establishes: |S| > 2. Therefore: NOT (locality
AND realism). At least one premise must be abandoned.

This result is of foundational importance for the NRT. If realism is abandoned—if particles
do not possess definite values for all observables prior to measurement—then there is nothing to
‘replay’ in a cosmological re-run. The outcomes are not determined by the initial state. If instead
locality is abandoned (as in Bohmian mechanics), the indeterminacy is relocated rather than
eliminated, as we shall argue in Section 5.

3.3. Gleason’s theorem and the Kochen—Specker theorem

Gleason’s theorem (1957) provides a complementary argument. It proves that for Hilbert
spaces of dimension > 3, the only probability measure on the lattice of projection operators that
satisfies a natural additivity condition (frame function condition) is of the form P(E) = Tr(pE)—
the Born rule. This means the Born rule is not an independent postulate but a mathematical
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consequence of the Hilbert space structure. One cannot assign definite 0/1 values (true/false) to all
projections simultaneously—the attempt is mathematically inconsistent.

The Kochen—Specker theorem (1967) sharpens this to a finite constructive proof: in
dimension 3 or higher, there is no assignment of definite values to all observables that is both
noncontextual (the value assigned to an observable does not depend on which other observables
are measured simultaneously) and consistent with the functional relationships between
observables. Together with Bell’s result, this eliminates both local and noncontextual hidden
variable theories.

3.4. The empirical precision of quantum predictions

The force of these arguments is strengthened by the extraordinary empirical success of the
quantum formalism they presuppose. The anomalous magnetic moment of the electron, calculated
to tenth-order in QED perturbation theory (involving 12,672 Feynman diagrams), agrees with the
2022 Northwestern University measurement to better than one part in 102—the most precise
agreement between theory and experiment in the history of science. The formalism from which
our argument draws its premises is not speculative; it is the best-tested quantitative framework
ever devised.

4. The Observer, Decoherence, and Cosmological Divergence

4.1. What constitutes an observer?

The word ‘observer’ in quantum mechanics has been a source of persistent confusion, partly
because the founders themselves used the term ambiguously. Von Neumann’s measurement
scheme (1932) showed that the ‘cut’ between quantum system and classical apparatus can be
placed anywhere without altering predictions, which Wigner (1961) interpreted as requiring
consciousness to terminate the chain. This interpretation is now widely rejected. Bohr stated as
early as 1927 that the measuring apparatus need not involve a sentient being. Tegmark (2000)
showed quantitatively that neural decoherence timescales (1072 to 1072° seconds) are many orders
of magnitude shorter than cognitive timescales (1072 to 10! seconds), rendering quantum-coherent
cognitive processes physically implausible.

We adopt the following operational definition, which we take to be uncontroversial among
physicists:
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Definition (Effective Observer): An effective observer is any physical interaction between a
qguantum system and its environment that produces an irreversible thermodynamic record,
irrespective of whether any sentient being examines that record.

On this definition, a Geiger counter clicking in an empty room, a photon scattering off a dust
grain in interstellar space, and a cosmic ray striking an atmospheric molecule are all effective
observations. The universe is dense with effective observers at every epoch after the Planck era.

4.2. Decoherence and the emergence of classical definiteness

Quantum decoherence, developed by Zeh (1970) and Zurek (1981, 2003), provides the
physical mechanism by which quantum superpositions become operationally indistinguishable
from classical mixtures. When a system S interacts with an environment E, the reduced density
matrix of S undergoes suppression of off-diagonal terms on a timescale that, for macroscopic
objects, is astronomically short: ~1073' seconds for a dust grain in air, as calculated by Joos and
Zeh (1985). Zurek’s programme of ‘quantum Darwinism’ further shows that the environment
acquires redundant copies of information about the system’s state, explaining the intersubjective
agreement that characterises classical experience.

Critically, decoherence selects a preferred basis (the ‘pointer basis”)—typically the position
basis for macroscopic objects—in which the system’s state becomes effectively diagonal. This is
necessary for the emergence of definite outcomes but not sufficient: decoherence does not explain
which outcome occurs; it explains only why we do not observe superpositions of outcomes. The
transition from ‘all outcomes are possible’ to ‘this particular outcome is actual’ remains the hard
core of the measurement problem.

4.3. Two scenarios: with and without effective observers

We now consider two variants of the cosmological re-run thought experiment.

Scenario A: No effective observers. Suppose, per impossibile, a universe in which no
physical interaction ever produces an irreversible record—no decoherence, no thermal dissipation,
no gravitational collapse. In such a universe, the quantum state evolves unitarily according to the
Schrodinger equation: |W(t)) = U(t,t,)|¥(t,)) , where U is the unitary time-evolution operator.
Since U is deterministic and invertible, the final state is uniquely determined by the initial state.
In this scenario, the re-run would produce an identical quantum state. However, this ‘identical
quantum state’ would be a colossal superposition of every possible macroscopic configuration—a
universal Schrodinger’s cat. It would not correspond to any definite classical history. The question
‘would galaxies form in the same places?’ would be ill-posed, because all possible galaxy
configurations would coexist in the superposition.
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Scenario B: Effective observers present (the actual universe). In the physical universe,
decoherence and effective observation are ubiquitous from the earliest epochs. Quantum
fluctuations during inflation—the seeds of all large-scale structure—are amplified and decohered
by gravitational interactions. Each decoherence event selects a particular outcome from the
quantum probability distribution. These selections are (on standard interpretations) genuinely
stochastic: the Born rule gives their probabilities, but nothing in the formalism determines which
outcome occurs.

This is the crux of the argument. Inflationary cosmology holds that the density perturbations
visible in the cosmic microwave background—and hence the entire large-scale structure of the
universe—originated as quantum vacuum fluctuations of the inflaton field. These fluctuations
were in a squeezed quantum state; decoherence selected a particular classical realisation from the
ensemble of possibilities. In a cosmological re-run, the quantum state would be identical, but the
Born-rule probabilities would be re-sampled. The probability of obtaining an identical pattern of
density perturbations is, for all practical purposes, zero: the space of possible perturbation spectra
has a dimensionality comparable to the number of independent Hubble-volume patches, and exact
reproduction would require coincidence in every one of an astronomically large number of
independent quantum outcomes.

4.4. Amplification: from quantum to cosmic

The amplification of quantum indeterminacy to macroscopic scales proceeds through well-
understood physical mechanisms. Chaotic dynamics in gravitational N-body systems amplify any
perturbation exponentially: the Lyapunov time for the solar system is of order 5 million years
(Laskar 1989), meaning that microscopic differences in initial conditions lead to qualitatively
different planetary configurations on geological timescales. Quantum tunnelling events in stellar
nucleosynthesis, radioactive decay in geological processes, and quantum noise in molecular
biology all provide channels through which quantum indeterminacy ramifies into macroscopic
divergence. The cumulative effect is that the macroscopic history of a cosmological re-run would
be wildly different, even if the initial quantum state were identical.

5. Can Deterministic Interpretations Evade the Thesis?

The NRT, as stated, is interpretation-conditional: it holds on interpretations that take the Born
rule as describing genuine stochasticity. We must therefore examine whether deterministic
interpretations can restore reproducibility.

5.1. Bohmian mechanics
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De Broglie—-Bohm pilot-wave theory supplements the wave function with definite particle
positions guided by the equation dxi/dt = (A/m;) Im([;'¥/¥). The theory is fully deterministic: given
the wave function AND the particle positions, the future is uniquely determined. The Born-rule
statistics arise because the actual particle positions are assumed to be distributed according to |V
(the ‘quantum equilibrium hypothesis’).

On this theory, a re-run with identical initial conditions—including both ¥(t,) AND the
particle configuration—would produce an identical history. However, the NRT is not evaded;
rather, its locus shifts. The Bohmian particle positions at the Big Bang constitute additional initial
data not present in standard quantum mechanics. The question becomes: what determines these
positions? If they are contingent—if they could have been otherwise—then non-reproducibility is
preserved at the level of initial particle configurations. If they are necessary—if there is only one
possible set of Bohmian positions compatible with the initial wave function—then the quantum
equilibrium hypothesis becomes a dynamical necessity rather than a statistical postulate, a claim
for which no argument exists.

Moreover, Bohmian mechanics is explicitly nonlocal: the velocity of each particle depends
instantaneously on the positions of all other particles in the universe, via the wave function. This
nonlocality, while compatible with no-signalling, represents a radical departure from the spirit of
relativistic physics. We return to the implications of nonlocality in Section 6.

5.2. Everettian many-worlds

The many-worlds interpretation (Everett 1957; DeWitt 1970) denies that wave function
collapse occurs. The universal wave function evolves unitarily, and what appears to be a definite
measurement outcome is really the observer becoming entangled with one branch of the
superposition. All outcomes are realised in different ‘branches’ or ‘worlds.’

On this interpretation, the cosmological re-run produces an identical universal wave
function—but this wave function contains every possible macroscopic history. The question
‘would the same history result?’ is answered by ‘all histories result.” An observer within any
particular branch has no way to determine, prior to decoherence, which branch they will find
themselves in. The subjective experience of indeterminacy is preserved even though the global
state is deterministic.

The NRT, on this interpretation, transforms from a claim about the universe into a claim about
the observer’s branch. Any particular branch’s history is not predictable from the initial state alone;
predicting it would require knowledge of which branch the observer occupies, which is
information not contained in W(t,). Thus the NRT holds in the only form relevant to any physical

10
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agent: no observer can predict which history they will experience, even with complete knowledge
of the initial state and the laws.

5.3. Superdeterminism

Superdeterminism denies Premise 11 (measurement independence). If the hidden variables
determining outcomes are correlated with the experimenters’ choices of measurement settings—a
correlation established at the Big Bang—then Bell’s inequality can be satisfied even while
reproducing quantum statistics. On this view, the universe is deterministic, and the apparent
randomness of quantum mechanics reflects our ignorance of these correlations.

We regard superdeterminism as the most problematic escape. First, as Bell himself observed,
it implies that the world is constructed to prevent us from discovering its deterministic character—
a conspiratorial fine-tuning of initial conditions that is unfalsifiable in principle. Second, as
Zeilinger (2010) argued, superdeterminism undermines the possibility of experimental science: if
nature determines our experimental questions, the answers cannot constitute evidence for or
against any theory. Third, no superdeterministic model has produced a single empirically
distinguishable prediction. A programme that explains everything explains nothing.

We therefore maintain Premise I11 and exclude superdeterminism from the set of empirically
adequate interpretations.

5.4. Objective collapse theories

GRW theory (Ghirardi, Rimini, Weber 1986) and Penrose’s gravitational collapse proposal
modify the Schrédinger equation by adding stochastic terms that cause spontaneous localisation at
rates proportional to system size. These theories are indeterministic by construction: collapse
events are governed by a genuinely random process. The NRT follows immediately.

Importantly, objective collapse theories make testable predictions that differ from standard
quantum mechanics—specifically, they predict deviations from unitarity at mesoscopic scales.
Current experiments with large-mass interferometry are approaching the sensitivity needed to test
these predictions. If confirmed, they would provide direct evidence for irreducible stochasticity in
the fundamental dynamics.

6. Non-Locality and Its Implications

Bell’s theorem demonstrates not only that local realism fails but that quantum mechanics is
non-local in a precise sense: the correlations between space-like separated measurements cannot
be explained by any common-cause local model. This non-locality has direct implications for the
NRT.

11
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In a cosmological re-run, non-locality means that the outcomes of quantum events are not
determined locally. Even if one could specify the complete state of a spatially bounded region at
the initial time, the outcomes within that region would depend (in Bohmian mechanics, explicitly;
in standard QM, implicitly through entanglement) on conditions arbitrarily far away. This holistic
character of quantum correlations makes the universe’s evolution irreducibly global: it iS not
decomposable into independent local histories that could be separately replayed.

The no-signalling theorem ensures that this non-locality cannot be used to transmit
information faster than light, preserving the causal structure of relativity at the operational level.
But it does mean that the ‘outcome’ of a quantum event is not a property of the local system
alone—it is a property of the entangled whole. This further supports the NRT: even complete local
specification of initial conditions is insufficient to determine local outcomes.

The Micius satellite experiments (Yin et al. 2017) demonstrated entanglement distribution
over 1,203 km, confirming that these non-local correlations persist across cosmological distances.
More recent experiments have extended quantum key distribution to intercontinental scales
exceeding 12,000 km. Non-locality is not an artefact of laboratory conditions; it is a feature of
nature at every scale at which it has been tested.

7. Assessment of Evidence: Knowns, Unknowns, and Confidence

7.1. What is established

The following propositions are supported by experimental evidence of the highest quality and
are not seriously disputed within the physics community:

E1. Bell-CHSH inequalities are violated in nature, with p-values below 107*° (Giustina et al. 2015).
This eliminates all local hidden variable theories.

E2. The Born rule has been confirmed to extraordinary precision across all tested regimes, from
single-particle experiments to cosmological observations of the CMB power spectrum.

E3. Decoherence is a quantitatively confirmed physical process, with measured timescales
agreeing with theoretical predictions (Brune et al. 1996; Hackermdiller et al. 2004).

E4. Quantum superposition has been demonstrated at scales up to ~10'” atoms (ETH Zurich 2023),
with no evidence of a fundamental boundary.

E5. Cosmological density perturbations have a nearly scale-invariant power spectrum consistent
with quantum vacuum fluctuations during inflation (Planck 2018).

E6. Non-local quantum correlations persist across distances exceeding 1,200 km (Yin et al. 2017).

12
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7.2. What is theoretically well-supported but not directly testable

T1. The quantum-to-classical transition in the early universe proceeded via decoherence of
inflationary perturbations. This is supported by theoretical consistency and by the observed
Gaussianity and statistical isotropy of CMB anisotropies, but the decoherence process itself is not
directly observable.

T2. Chaotic amplification connects quantum-scale indeterminacies to macroscopic divergence.
The existence of chaos in gravitational dynamics is well established (Laskar 1989; Sussman and
Wisdom 1992), but the specific claim that quantum uncertainty seeds the divergence (rather than
classical uncertainty in initial conditions) is difficult to test in isolation.

T3. Gleason’s theorem and the Kochen—Specker theorem are mathematical results within the
Hilbert space formalism. They are as certain as their axioms. Their physical relevance depends on
Premise | (that the Hilbert space formalism correctly describes nature), which is supported by E1-
EG6 but is, in principle, revisable.

7.3. What remains genuinely open

O1. The interpretation of quantum mechanics. Whether the wave function is ontological or
epistemic, whether collapse is physical or perspectival, and whether the universe branches or
merely appears to—these are questions on which the experimental evidence currently does not
discriminate. The NRT holds on all standard interpretations (Copenhagen, objective collapse,
many-worlds with the appropriate reformulation, and Bohmian mechanics with the relocation
caveat), but the reason it holds varies by interpretation.

O2. Whether Premise Il (measurement independence) is exactly true. If even infinitesimal
violations of measurement independence are permitted, superdeterministic models become
logically possible, though no such model has been constructed. The recent ‘Big Bell Test” (2018),
which used the free choices of ~100,000 human participants to set measurement directions,
provides evidence for measurement independence but cannot prove it absolutely.

O3. The nature of quantum gravity. A complete theory of quantum gravity might reveal structure
at the Planck scale that alters the argument. The Wheeler—DeWitt equation F[¥) = 0 implies a
timeless universe, which would require reformulation of the NRT in terms compatible with the
absence of fundamental time. However, the emergence of time via the Page—Wootters mechanism
or semiclassical approximation is expected to recover effective indeterminacy at sub-Planckian
energy scales.

13
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7.4. The null hypothesis

The null hypothesis is cosmological reproducibility: that a re-run from identical initial
conditions would produce the same macroscopic history. Defending this null requires one of the
following:

(a) A viable local hidden variable theory—ruled out by Bell’s theorem and experiment (E1).

(b) A superdeterministic conspiracy—unfalsifiable and corrosive to the scientific method (Section
5.3).

(c) The claim that Bohmian initial particle positions are uniquely determined—for which no
argument exists.

(d) The claim that quantum indeterminacy, while real, is never amplified to macroscopic scales—
contradicted by inflationary cosmology and chaos theory (E5, T1, T2).

We therefore judge the null hypothesis to be untenable on the available evidence. The NRT
is supported at a confidence level that, while not quantifiable in the manner of a frequentist p-value
(it is a philosophical thesis about the implications of physical theory, not a statistical hypothesis),
is comparable in evidential strength to other foundational claims accepted as near-certain in
physics, such as the impossibility of perpetual motion machines or the non-existence of magnetic
monopoles in the Standard Model.

8. Conclusions

We have defended the Non-Reproducibility Thesis: that a re-run of the universe from
identical initial conditions would not reproduce the same macroscopic history. The argument rests
on five premises—the quantum formalism, Bell inequality violations, measurement independence,
cosmological amplification, and the physicality of observation—each of which is supported by the
best available experimental evidence and theoretical analysis.

The NRT has several implications that merit philosophical attention.

First, it demonstrates the failure of Laplacean determinism in its strongest form. Even with
complete knowledge of initial conditions and physical laws, the future is not deducible. This is not
a practical limitation but a principled one, rooted in the mathematical structure of the most
fundamental physical theory.

Second, the NRT entails a robust form of cosmological contingency. The universe we inhabit
is one of many possible universes compatible with the same initial conditions and laws. This
contingency is not the weak modal contingency of metaphysical possibility (perhaps different laws

14
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could have obtained) but the strong empirical contingency of quantum-mechanical non-
reproducibility (the same laws, applied to the same initial conditions, produce different histories).
The universe is, in a precise sense, creative: it generates novelty that was not implicit in its
beginning.

Third, the NRT illuminates the role of the observer in quantum mechanics. The observer is
not a metaphysically privileged entity but a physical subsystem that, through decoherence,
participates in the selection of definite outcomes from quantum superpositions. The universe
evolves differently because it contains physical structures capable of recording information, not
because consciousness exerts some mysterious causal power. This is a demystification of the
observer, not an elimination of their significance.

Fourth, the relationship between the NRT and free will, while suggestive, requires caution.
Quantum indeterminacy provides a necessary condition for libertarian free will (that the future is
not uniquely determined by the past), but not a sufficient one (that choices are both undetermined
and rational). The gap between quantum randomness and agentive freedom remains
philosophically significant. Nevertheless, the NRT establishes that the physical universe is the kind
of place in which genuine alternatives exist—a world of forking paths, not a single fixed trajectory.

Fifth, and finally, we note the remarkable epistemological structure of the situation. The
mathematical formalism of quantum mechanics—a structure of Hilbert spaces, unitary groups, and
projection operators—describes nature with a precision exceeding one part in 10'2. This same
formalism, through theorems of Bell, Gleason, and Kochen—Specker, proves that the world it
describes cannot be a deterministic clockwork. The mathematics is certain; the world it reveals is
not. This is not a deficiency of the theory but, as far as we can determine, a feature of reality itself.
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