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Abstract

The Latent framework (A) provides a unified spectral representation for systems governed by self-
adjoint operators with exponentially decaying eigenvalues. We demonstrate that this unification
is not merely formal: ten distinct biological domains — from protein folding to brain criticality
— share concrete structural isomorphisms that manifest as identical spectral inequalities. We for-
malize 40 pairwise bridge lemmas plus 24 transitive composition lemmas in the Platonic kernel (66
declarations checked by verify_all across two proof scripts), and validate each bridge numerically.
The key insight is that systems sharing the same Latent signature (p, N*, spectral gap) exhibit
identical qualitative behavior regardless of their physical substrate. This paper catalogs the bridge
structure and demonstrates its predictive power.

1. Introduction

Companion papers have established the Latent framework in ten biological domains:

# Domain Theorems Key quantity

1 Protein Folding 56 ANM Hessian eigenvalues

2 GRN Inference 50 Interaction matrix W spectrum
3 Waddington Landscape 36 Potential V' (z) basin structure
4 Neural Manifold 50 Population covariance spectrum
5  Allostery 36 GNM Kirchhoff normal modes
6  Epidemic Networks 40 Adjacency spectral radius

7  Fitness Landscape 40 Walsh-Hadamard spectrum

8  Morphogenesis 36 Turing dispersion relation

9  Phylogenetics 36 Distance matrix eigenvalues

10 Brain Criticality 36 Ising coupling spectrum

Each domain independently verifies that p > 1 implies spectral compression (N* <« N). But the
domains are not independent: they share structural relationships that go beyond the common p
signature. This paper identifies and formalizes these bridges.

1.1 What is a bridge?

A bridge between domains A and B is a formally verified theorem establishing that a spectral
inequality in A implies (or is equivalent to) a spectral inequality in B, when both systems share the



same operator structure. Bridges are not analogies — they are proofs that the same mathematical
object appears in both domains.

2. Bridge Catalog

B1: Protein Folding <+ Allostery
Shared object: Elastic network Hessian / Kirchhoff matrix.

In the standard elastic-network reduction (shared contact graph, uniform springs), the Anisotropic
Network Model (ANM) and Gaussian Network Model (GNM) are built from the same
Kirchhoff/normal-mode structure, so their leading eigenpairs can be compared directly; the
same p = A, /), then characterizes both folding-funnel stiffness anisotropy and low-mode allosteric
coupling. The formal lemma fold_ allost_ shared_ rho only assumes equality of (A;, ;) across the
two analyses, not pointwise equality of full SN x 3N ANM and N x N GNM matrices.

Theorems (1-4): - fold_ allost_ shared_rho: Same eigenvalues — same p. - anm_ mode__implies_ coupling:
Dominant mode (p > 1) — strong allosteric coupling. - spectral _gap_dual_role: Gap determines
both folding rate and signal speed. - fold_allost_ nstar__bound: N*/N < 1 shared.

Numerical validation: Elastic network spectra from the same protein give identical p and N* for
both folding and allostery analyses. Real PDB structures (IHHO, 4AKE, 1CLL) confirm p = 2.5~
4.5 in both contexts.

B2: GRN <+ Waddington

Shared object: Interaction matrix W and its Lyapunov function.

The gene regulatory network interaction matrix W generates the Waddington epigenetic landscape
through the Lyapunov equation. Eigenvalues of W determine both GRN stability (all A; < 0) and
the number/depth of attractor basins in the Waddington landscape.

Theorems (5-8): - grn_stability implies_basins: A (W) < 0 — attractor basins ex-

ist. - hub_gene_ deep_basin: Large |w;,] — deep basin (master regulator = cell fate). -
grn_rho_landscape_ruggedness: p > 1 — smooth landscape (few fates). - reprogramming_ barrier_lowering:
GRN perturbation — barrier reduction (Yamanaka).

Numerical validation: Random stable GRN (A, = —1.66) produces covariance with p > 1.
Consistent with scRNA-seq hematopoiesis data showing 7 attractor basins.

B3: Epidemic < Brain Criticality
Shared object: Adjacency/coupling matrix spectral radius.

SIR epidemic spreading on a contact network and Ising-model neural dynamics on a coupling
network share a common mean-field picture: both are treated as threshold crossings once an effective
reproduction-like parameter (epidemic R,)) or reduced temperature (7'/T,) is expressed through the
network spectrum in the reduced models used below.

Theorems (9-12): - spectral threshold equivalence: In the shared two-parameter encoding,
supercritical epidemic onset (R, > 1) and supercritical Ising ordering (7" > T,,) are recorded by the
same spectral-threshold schema. - susceptibility divergence shared: xy — oo at criticality in both.



- centrality__hub_ equivalence: Eigenvector centrality identifies superspreaders AND neural hubs. -
info_ peak_ epidemic_peak: Mutual information peaks at epidemic peak.

Numerical validation: Same Erd6s-Rényi network gives R, = 26.3 (SIR) and p = 2.01 (Ising),
both supercritical. Real networks (Zachary, Les Misérables) confirm.

B4: Fitness Landscape <+ Waddington
Shared object: Spectral decomposition of a potential surface.

The Walsh-Hadamard decomposition of a fitness landscape and the Fourier decomposition of a
Waddington potential are the same mathematical operation. NK ruggedness (K) corresponds to
the number of cell-fate basins.

Theorems (13-16): - walsh_fourier equivalence: Total spectral variance preserved. -
ruggedness_basin__count: Higher K' — more basins. - high rho_few_basins: p >1 — N*/N < 1
(smooth landscape, few fates). - walk_length_transition_rate: Adaptive walk length Kramers
transition rate.

Numerical validation: Binary fitness landscape (L=8, 256 genotypes) shows 52% first-order
fraction with p = 2.32.

B5: Neural Manifold <+ Brain Criticality
Shared object: Population covariance eigenspectrum.

The power-law exponent a of the neural covariance spectrum encodes distance from the critical
point. At criticality (T" &~ T,), the spectrum flattens (a — 0), N* grows, and optimal decoding
gain peaks — all from the same spectral object.

Theorems (17—20): - alpha_ criticality link: Power-law exponent  distance from 7,. -
nstar grows near critical: N} > NZ, (flatter spectrum). - decoding susceptibility peak:

Both peak near p &~ 1. - variance_ order_param: Top-PC variance fraction tracks order parameter.

Numerical validation: Subcritical (« = 1.5): N* = 21. Near-critical (« = 1.0): N* = 60.
Confirmed with published V1/hippocampal eigenspectra.

B6: Morphogenesis <+ Epidemic
Shared object: Spectral threshold for instability.

Turing pattern formation requires D,/D; > d, (diffusion ratio above critical). SIR epidemic onset
requires R, > 1 (spectral radius above critical). Both are spectral threshold phenomena where the
dominant eigenmode crosses zero growth rate.

Theorems (21-24): - turing epidemic_threshold: (d — d.)(R;, — 1) > 0 — both super-
critical. - spectral _gap_scale_selection: Gap selects pattern wavelength / outbreak scale. -
growth_rate_analogy: o, .. (Turing) growth rate (epidemic). - targeted_intervention_ analogy:
Removing modes/nodes reduces both.

Numerical validation: Schnakenberg Turing (d = 30, v = 200): £* = 6, 0,,,, = 70.7. SIR:
R, = 26.3. Both supercritical with clear spectral gap.



B7: Phylogenetics <+ Fitness
Shared object: Mutation-spectrum coupling.

Phylogenetic signal decay rate depends on the mutation model eigenspectrum. The Walsh decom-
position of a fitness landscape has the same structure: higher-order epistasis decays faster. Both
relate sequence divergence to spectral coefficient magnitude.

Theorems (25-28): - signal decay_epistasis: Decay rate x epistasis order = spectral
attenuation. - phylo_rho_fitness_smoothness: Pphylo > 1 — additive fitness model. -
reconstruction_error bound: Error p*depth in both. - mutation_ exploration_link: Mutation
rate landscape exploration speed.

Numerical validation: Phylogenetic p = 2.15, fitness p = 2.32. Both > 1, confirming signal
preservation.

B8: Protein Folding < Fitness
Shared object: Energy surface as fitness surface.

Folding stability (AG < 0) is a necessary component of protein fitness. The grade-2 approximation
of the energy surface corresponds to the additive model in fitness landscape theory.

Theorems (29-32): - stability_is fitness_component: AG < 0,a > 0 = f > 0. -
grade2_ additive_equivalence: Grade-2 energy additive fitness. - funnel single peak: Spectral
gap — single funnel — single fitness peak. - ddg_ walsh_coefficient: AAG  Walsh first-order
coefficient.

Numerical validation: Stability-fitness correlation » = 0.93 on synthetic enzyme data. GB1
landscape shows 72-85% additive fraction consistent with grade-2 dominance.

B9: GRN < Neural Manifold
Shared object: Covariance eigenspectrum of high-dimensional observations.

Gene expression covariance and neural activity covariance have the same mathematical structure:
both are positive semi-definite matrices whose eigenspectrum determines p, N*, and hub/driver
identification.

Theorems (33—-36): - covariance rho_shared: Both p > 1 — PCA compression works. -
hub_ gene_ hub_ neuron: High PC loading — hub in both domains. - nstar compression_ both:
N* <« N in both. - sample_ complexity shared: Both need O((N*)?) samples.

Numerical validation: GRN (o = 1.2): N*/N = 46%. Neural (o = 1.1): N*/N = 54%. Both
strongly compressed.

B10: Morphogenesis <+ Waddington
Shared object: Bifurcation normal form.

Turing pattern formation is a spatial bifurcation (homogeneous — patterned). Cell fate decision
is a state-space bifurcation (progenitor — differentiated). Both follow the same pitchfork normal
form, and the number of modes/fates is determined by the spectral structure.



Theorems (37—40): - bifurcation_normal form_shared: Same control parameter structure. -
mode_ count_ fate_count: k* (modes) n; (fates). - gap_stability irreversibility : Spectral gap
— pattern stability / fate irreversibility. - diffusion_ differentiation_ratio: D,/D; > 1 differen-
tiation potential > 1.

Numerical validation: Low v — k* = 3 (few patterns/fates). High v — k* = 10 (many).
Confirmed with zebrafish stripes and hematopoiesis data.

3. Bridge Network Structure

The 10 bridges form a graph connecting the 10 domains. Key observations:

Protein Folding is a hub: connects to Allostery (B1), Fitness (B8).

Waddington is a hub: connects to GRN (B2), Fitness (B4), Morphogenesis (B10).
Brain Criticality links to both Epidemic (B3) and Neural Manifold (B5).

The spectral threshold bridge (B3, B6) unifies phase transitions across domains.
5. The covariance bridge (B9) unifies high-dimensional observation analysis.

=

In the 10-node bridge graph defined above, every domain pair is connected by a path of length at
most three hops (diameter 3 in that graph).

4. Predictive Power

Bridges are not just post-hoc classifications — they predict:

e If Protein Folding has p > 1 for a protein, then Allostery analysis of the same protein will
show strong low-mode coupling (B1).

o If a GRN is stable, there exists a Waddington landscape with well-defined attractors (B2).

e If a network has high spectral radius, both epidemic spreading AND neural criticality phe-
nomena will occur (B3).

o If a fitness landscape is smooth (high additive fraction), the corresponding phylogenetic re-
construction will be accurate (B7).

Each prediction is testable and has been validated numerically.

5. Transitive Bridge Predictions

Direct bridges connect domain pairs. But the most powerful test of the framework is transitive
composition: if A B and B C are bridges, then A—B—C should produce a valid prediction from
A to C — even though A and C may have no direct physical connection.

We formalize 8 transitive chains (24 additional theorems) and validate each numerically.

5.1 Catalog of Transitive Chains

Chain Path Prediction Validated
T1 Folding — High pgq — few cell-fate

Fitness — basins (N* =5 vs 42)

Waddington



Chain Path Prediction Validated

T2 Phylo — Signal preservation — deep
Fitness — folding funnel (13.4 vs 5.6)
Folding

T3 GRN — Stable GRN — spatial
Waddington —  patterns (k* = 10 vs 4)
Morphogenesis

T4 Morpho — Turing threshold — Ry — T,
Epidemic — (all supercritical)
Criticality

TH GRN — Expression p — neural N* —
Neural criticality distance
Manifold —
Criticality

T6 Folding — Grade-2 energy — additive —
Fitness — low phylo error (0.007 vs
Phylo 0.235)

T7 Morpho — v — k* monotone ([3, 4, 6,
Waddington — 10])
GRN

T8 Neural — Flat spectrum — high
Criticality — susceptibility (N* = 21 — 76)
Epidemic

5.2 Key Transitive Predictions

T1 (Folding — Fitness — Waddington): A protein with steep spectral decay (o = 2.0,
p = 4.0) has an energy landscape dominated by grade-2 interactions (additive). This maps to a
smooth fitness landscape (high first-order Walsh fraction), which maps to a Waddington potential
with few basins (N* = 5). Conversely, a shallow-decay protein (o = 0.5, p = 1.41) predicts a
rugged landscape with many basins (N* = 42). The prediction spans three domains that share no
physical substrate.

T4 (Morpho — Epidemic — Criticality): The Turing instability threshold (d > d.), epidemic
threshold (R, > 1), and Ising critical temperature (7' > T,) are all manifestations of the same
spectral radius crossing a critical value. When one is supercritical, all three are supercritical —
verified with o, = 70.7, Ry = 26.3 (same network scaling as in B3/B6), T'/T, = 5.6.

T6 (Folding — Fitness — Phylo): The grade-2 dominance of protein folding energy implies
additive fitness, which implies strong phylogenetic signal. The transitive prediction: proteins with
deep folding funnels should have more accurate phylogenetic reconstructions. Validated: additive
landscape — phylogenetic error 0.007 (30x lower than epistatic landscape error 0.235).

5.3 Cross-Chain Invariant

The p > 1 invariant propagates through all chains in the tested numerical suite: for every power-law
exponent tested (o = 0.7,1.0,1.2,1.5,2.0), spectral compression holds. This is not a coincidence —
it is the fundamental property that makes bridges composable.



6. Formal Verification

All lemmas are verified in the Platonic proof kernel (p.bootstrap_ real() only; no extra user axioms):

Component File Named lemmas verify_ all
Direct bridges elysium/ fields4io_ cross_ bridges/platonic.py 41/41
Transitive chains elysium/ fields2bio_ cross_ bridges/transitive_ pRitRiic.py
Total 64 66/66

The two checked counts exceed the named lemma counts by one each because each script’s envi-
ronment includes one additional kernel-checked declaration alongside the bridge lemmas.

7. Conclusion

The cross-domain bridge structure demonstrates that the Latent framework is not ten separate
applications but a single mathematical theory with ten instantiations. The direct bridges (Sections
2-3) show pairwise structural isomorphisms. The transitive bridges (Section 5) show that these
isomorphisms compose: predictions propagate across domain boundaries with preserved validity.

The strongest evidence for unification is T4: a single spectral radius simultaneously governs Turing
pattern formation, epidemic spreading, and neural phase transitions. These three phenomena have
historically been studied by separate communities with separate formalisms. The Latent framework
reveals them as the same mathematics.

This is the core promise of the Latent framework: unification through spectral structure.

During the preparation of this work the author used large language models to assist with manuscript
drafting, literature search, and coding assistance. After using these tools, the author reviewed and
edited the content as needed and takes full responsibility for the content of the published article.
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