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Abstract

We propose a purely information-theoretic formulation of quantum cosmology that operates
entirely within the timeless Wheeler-DeWitt framework. Instead of performing a Wick rotation
to Euclidean time, we introduce Spectral Complezity Cgpec as the fundamental cost functional
that determines the measure over static observer wavefunctions.

Observers are modeled as relational wavefunctions t,(\) entangled with a clock variable
A (following the Page-Wootters construction). The probability of an observer is weighted by
P(¢,) x 2~ Cepec(¥0)  where Cspec counts the effective number of Fourier modes required to de-
scribe 1, (). Low-spectral-complexity observers, which perceive smooth and law-like universes,
dominate the measure exponentially.

In a minisuperspace implementation with a scale factor and relational clock, we demonstrate
numerically that minimal-Cspec Observer states naturally select classical, expanding FLRW-like
trajectories without invoking Euclidean path integrals. This framework provides a justification
for the emergence of classical spacetime and the principle of least action as a consequence
of minimal description length. Chaotic histories are suppressed by high spectral complexity,
offering a novel resolution to longstanding issues in quantum cosmology.

1 Introduction

The canonical quantization of general relativity leads to the Wheeler-DeWitt equation [1]:

~

HV¥[gij, 9] =0, (1)

where ¥ is the wavefunction of the universe on superspace. This equation is timeless: there is no
external time parameter. The “Problem of Time” [3] arises because all physical predictions must be
extracted from a single, static superposition.

The standard approach to recovering dynamics and probabilities relies on the Hartle-Hawking no-
boundary proposal [2], which employs a Wick rotation to Euclidean time and weights histories by
e~ !euct While successful in many minisuperspace models, this method faces conceptual difficulties:
the physical meaning of imaginary time, the conformal factor problem, and the justification of the
Fuclidean measure itself remain debated.

In this work we propose Spectral Quantum Cosmology (SQC). We remain strictly within the static
Wheeler-DeWitt framework and introduce an information-theoretic selection principle based on
Spectral Complexity. Rather than weighting entire four-geometries via Euclidean action, we weight



possible observer wavefunctions directly. Observers with simpler (more compressible) internal de-
scriptions dominate the measure. This naturally selects observers who experience classical, smooth,
law-like spacetimes.

2 Relational Observers in a Timeless Universe

Following Page and Wootters [4, 6], time emerges relationally. The universal wavefunction W is
static and contains entangled subsystems: a clock degree of freedom and the rest of the universe.
An observer corresponds to a wavefunction v, that is entangled with a suitable clock variable A
(which may be the scale factor, a scalar field value, or an internal memory register).

The conditional probability that the rest of the universe is in state |y) when the observer’s clock

reads A is

o) 2 2
(Yo(M)[Yo(N))
Dynamics and history are recovered from correlations within this timeless structure. The central

question becomes: which observer wavefunctions 1,(\) have the highest measure in the universal
superposition?

P(x|A) =

3 Spectral Complexity as the Measure

We define the Spectral Complexity of an observer wavefunction 1,(\) as the minimal information
cost of representing it in the frequency domain. Let

M .
GolX) = 3 et (3)
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be the Fourier decomposition with respect to the relational clock A, where only modes with signifi-
cant amplitude |cg| are retained.

The spectral complexity is then

Cspec (wo) ~M- (b + logQ(Wmax/Wmin)) +aD, (4)

where b is the bit precision of the coefficients, wmax is the highest relevant frequency, and D is
a phase-incoherence penalty (e.g., integrated Fubini-Study distance between neighboring A slices)
that favors continuity.

According to Solomonoff induction and algorithmic probability [5], the natural prior weight for any

observer is
P(djo) o Q*Cspec(wo) — 6*(1112) Cspec('@l}o)' (5)

Observers whose internal wavefunctions require many Fourier modes (chaotic or rapidly oscillating)
are exponentially suppressed. Conversely, observers who experience smooth, slowly varying, law-like
evolution dominate.

This replaces the Euclidean suppression e~ /Puel with a native, real-valued algorithmic measure.



4 Minisuperspace Implementation

We implement this idea in a closed FLRW minisuperspace with scale factor a (or « = Ina) and a
relational clock A\ (taken here as « itself for simplicity, or a homogeneous scalar field).

The discrete configuration space is a one-dimensional lattice over a;, ¢ = 1...N. The observer
wavefunction ,(c;) is represented as a complex vector on this lattice. We variationally minimize
Cspec subject to normalization, effectively solving the algorithmic constraint

(Cspec - R]imit)¢o ~ 0, (6)

where Rjmit reflects the finite information capacity of the universe.

Numerical optimization (via gradient descent on Fourier coefficients or direct search) yields dominant
low-Cgpec states. These states concentrate along smooth, classically expanding trajectories. Chaotic
or bouncing solutions near singularities require high-frequency content and are heavily suppressed.

5 Numerical Results (Proof of Concept)

Preliminary simulations show strong correlation between low spectral complexity and classical least-
action paths. Dominant observer wavefunctions v, («) exhibit few Fourier modes and peak near the
classical Friedmann solutions for radiation- and matter-dominated epochs. As lattice resolution
increases, the extracted conditional trajectories converge toward the expected classical expansion
history.

The effective “action” derived from — In P(1),) reproduces the qualitative features of the Euclidean
action in standard quantum cosmology, supporting the identification Igyel = 7 Cspec In the semi-
classical limit.

(Figures showing |1,(c)|? for minimal-Cgpec states, comparison with classical solutions, and scaling
with resolution will appear in the full version.)

6 Discussion

This framework offers several conceptual advantages:

1. Timelessness is fundamental. No Wick rotation or external time is required. 2. Native
real probabilities. The measure 2~ Cspec is positive-definite and algorithmically motivated. 3.
Observer selection. The dominance of low-spectral-complexity observers explains why we expe-
rience a smooth, classical universe governed by simple laws. 4. Emergence of least action. The
principle of least action arises as the macroscopic manifestation of minimal description length.

Future work will extend the model to inhomogeneous perturbations, investigate the emergence
of locality and 3D geometry from spectral compressibility, and study the relational dynamics of
entangled observers.

7 Conclusion

By weighting observer wavefunctions according to spectral complexity within the static Wheeler-
DeWitt universe, we obtain a fully information-theoretic quantum cosmology. Typical observers,



selected by minimal spectral complexity, inhabit smooth classical spacetimes. This approach bridges
quantum gravity, algorithmic information theory, and relational quantum mechanics, suggesting that
the universe we observe is the one that is simplest to describe from the inside.
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