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Section M-5 — Stability Spectrum and the Quantum–Classical Boundary 

 

Section M-5 defines the stability operator, the eigen-spectrum of entropic curvature, and the formal 

mathematical criterion that separates quantum-like behavior from classical-like behavior in the CUWF 

framework. Unlike quantum mechanics, where quantization arises from Hilbert-space boundary 

conditions, CUWF identifies quantization-like behavior as a stability property of entropic geometry. 

This section provides the mathematical basis for understanding how local curvature wells, marginal 

directions, unstable modes, and collective multi-node modes determine the observable regime of a 

CUWF system. In this formulation, the quantum–classical boundary is not imposed as an external 

interpretive division; it emerges from the spectrum of the stability operator and its relation to 

environmental or DOF-induced noise scales. 

This section provides: 

• the formal stability operator Ŝ; 

• the eigenvalue spectrum λₖ; 

• classification of stable / unstable / entangled modes; 

• the CUWF criterion for the quantum–classical boundary. 

 

M-5.1 Definition of the Stability Operator Ŝ 

For a single-node system, consider perturbations of the entropic field: 
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E → E + δE 

Expanding the total entropic field to second order gives: 

δ²E_total = 1/2 δx^T (Hessian(E)) δx 

This second-order expansion identifies the local curvature structure of the entropic landscape and 

motivates the definition of the stability operator: 

Ŝ = Hessian(E) 

More explicitly: 

Ŝ_ij = ∂²E / ∂x_i ∂x_j 

Properties: 

• symmetric in i, j; 

• diagonalizable; 

• eigenstructure contains full dynamical information. 

When extended to multi-node systems, as established in Section M-4, the operator becomes: 

Ŝ_N = Hessian(E_total) 

In this multi-node form, Ŝ_N has a block structure. Diagonal blocks describe the self-curvature of 

individual nodes, while off-diagonal blocks encode cross-curvature and entanglement-like coupling 

between nodes. 

M-5.2 Eigenvalue Spectrum and Mode Classification 

Let: 

Ŝ vₖ = λₖ vₖ 
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The eigenvalues λₖ classify the local behavior of the entropic landscape. In CUWF, this spectrum does 

not merely describe mathematical curvature; it determines the dynamical regime of the system. 

1. Stable Modes (λₖ > 0) 

• curvature well-defined; 

• node experiences restoring force toward minimum; 

• classical-like behavior; 

• no tunnelling. 

2. Marginal Modes (λₖ = 0) 

• flat curvature direction; 

• metastable or near-critical; 

• sensitive to DOF perturbations. 

3. Unstable / Negative Modes (λₖ < 0) 

• curvature inverted; 

• instability leads to collapse or tunnelling; 

• key to Paper A-4 on quantum tunnelling. 

4. Entangled Collective Modes 

In multi-node systems, eigenvectors may span multiple nodes: 

vₖ = (vₖ^(1), vₖ^(2), …) 

Non-factorizable eigenvectors imply: 
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• geometric entanglement; 

• collective collapse modes; 

• curvature inseparability. 

This formalizes CUWF entanglement mathematically. Entanglement is not tensor-product inseparability 

in Hilbert space, but inseparability of the entropic stability spectrum. 

M-5.3 Stability Spectrum and Noise Scale 

CUWF identifies the quantum–classical boundary through a comparison of scales: 

curvature scale ↔ noise scale 

Let: 

κ = |λ_min| 

where κ is the lowest-magnitude eigenvalue scale of Ŝ. Let: 

η_noise = environmental / DOF-induced fluctuation amplitude 

CUWF Criterion: 

Quantum-like regime: η_noise ≳ κ 

The entropic slope is shallow enough that noise dominates. 

Classical-like regime: κ ≫ η_noise 

The curvature well is deep enough that noise becomes irrelevant. 

Thus, “quantumness” is not a fundamental property. It is a local entropic phenomenon. 
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M-5.4 Spectrum Evolution Under CUWF Dynamics 

The Master Operator ℰ_E reshapes the entropic field under τ-evolution, causing: 

• λₖ(τ) to vary; 

• transitions between regimes; 

• collapse-node stability to change dynamically. 

Typical scenarios include the following. 

1. Slope Sharpening 

The |∇E|² term in ℰ_E deepens wells. As λ_min increases, the system moves toward the classical 

limit. 

2. DOF-Manifold Coupling 

The D_DOF E term can flatten curvature. As λ_min decreases, the system approaches the quantum-

like regime. 

3. Cross-Curvature Interaction 

H_link terms shift the eigenvalues of collective modes, producing entanglement formation or breakage. 

Thus the spectrum responds to geometry and DOF structure, not to probabilities or Hilbert-space 

constraints. 
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M-5.5 Stability Spectrum and Tunnelling (Link to A-4) 

Quantum tunnelling in CUWF corresponds to the presence of negative eigenvalues: 

λₖ < 0 

A collapse node follows its FVD-driven geometry until it reaches a region where: 

Ŝ has at least one negative eigenmode 

This defines a precise mathematical tunnelling condition: 

tunnelling occurs when min(λₖ) < 0 

This replaces the barrier-penetration probability of QM with a purely geometric instability criterion. In 

CUWF, tunnelling is not probabilistic leakage through a barrier; it is a transition produced by instability 

in the entropic curvature spectrum. 

 

M-5.6 Summary of M-5 

This section establishes the CUWF stability and spectrum theory: 

• Ŝ = Hessian(E); 

• the λₖ spectrum classifies stability; 

• eigenvectors capture entanglement geometry; 

• curvature scale versus noise scale defines the quantum/classical boundary; 

• negative modes define tunnelling; 
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• multi-node Ŝ_N encodes collective dynamics. 

M-5 forms the mathematical foundation for quantum behavior, classical emergence, tunnelling, 

entanglement, and system evolution in CUWF. It shows that these phenomena arise from the geometry 

of the entropic stability spectrum rather than from an externally imposed quantum postulate. 

  


