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Abstract. Three standing problems in foundations of physics — the quantum measure-

ment problem (why definite outcomes emerge from superpositions and why the Born rule

P = |ψ|2 takes the form it does), the fine-tuning problem (why the Standard Model’s 26

free parameters take their precise observed values), and the cosmological constant problem

(the 10126 discrepancy between the observed Λ and the simplest QFT vacuum-energy esti-

mate) — are typically treated as unrelated. This document shows they share a common

geometric resolution. A single dimensionful input fixes the energy scale; the arena’s topology

and information-theoretic structure then derive the Standard Model gauge group, three

fermion generations, the dimensionless constants, gravity, the cosmological constant, and the

measurement structure.

Projective Process Monism (PPM) starts from a topological datum: RP3 (real projective 3-

space) is the invariant geometry of perceptual space, established by psychophysical experiment

(Rudrauf et al., 2017; Williford et al., 2018). The minimal geometric arena consistent with

this constraint is CP3 (complex projective 3-space) equipped with an anti-holomorphic

involution τ , whose fixed-point set is RP3 = Fix(τ). CP3 is possibility space; RP3 is actuality.

One dimensionful input fixes the energy scale: the pion mass mπ sets the framework’s

confinement scale ε0 = 1.70573mπc
2, the Kähler ground state of Hα on CP3 identified with

ΛQCD (Chapter 7). Everything else—forces, particles, constants, gravity, the information

capacity of the universe, and the structure of conscious experience—follows from the projection

CP3 → RP3.

The consequences are extensive. The Z2 quotient structure produces the Born rule as

the unique invariant measure. The isometry group of CP3 yields the Pati-Salam gauge

https://projectiveprocessmonism.com
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structure (Pati and Salam, 1974), which breaks to the Standard Model through two geometric

mechanisms. The Dirac index on the orbifold CP3/Z2 gives exactly two bulk generations; a

Jackiw-Rebbi domain-wall mode localized on the RP3 boundary adds a third, with a fourth

topologically forbidden. The framework’s energy hierarchy descends from the Planck scale in

discrete steps indexed by an integer k, each governed by the same Z2 ×RP3 topology, reducing

the Standard Model’s 26 free parameters to one dimensionful input. The same topology

fixes the framework’s information content: each projection event carries a scale-independent

entropy of 3kB ln(2π) ≈ 5.5 kB set by the Hopf fiber circumference, and the boundary of RP3

has a static topological capacity of N∞ = φ392 independent fiber sections, which sets both the

information storage limit of the universe and the cosmological constant. Derived quantities

include: α = 1/(137.6 ± 1.3) from three independent routes converging on the same value;

δCP and θstrong = 0 from topology; Newton’s constant G from information coarse-graining of

the projection; and Λ matching the observed value to within a few percent.

When the energy hierarchy descends to the scale of biological thermal energies, the

topology marks the resulting band as a critical point: correlation length and susceptibility

diverge, and the system becomes maximally sensitive to its own boundary conditions. The

RP3 geometry of experience that grounded the original axiom is precisely what the framework

predicts at this scale. The framework derives active inference (Friston, 2010) from the

Lindblad dynamics; agency reduces to measurement basis selection; qualia are identified

with the normal bundle data erased by projection; and a common bundle structure gives the

framework’s monism, with particles and qualia the same geometric object at different scales

of the hierarchy.

Testable predictions and matched observations span the framework’s open problems.

The cosmological constant prediction Λ = 2(mπc
2)2/[(ℏc)2φ392] reproduces the observed

cosmological constant and dissolves the 10126 vacuum-energy discrepancy as a category error

in what the QFT estimate identifies as Λ. Three independent routes converge on α ≈ 1/137

at the parts-per-thousand level without any fitting. An effective gravitational coupling

Geff(z) = G0(1 + z)3/2 accounts simultaneously for the anomalous population of massive early

galaxies in JWST data (Labbé et al., 2023) and for the Hubble tension, while preserving CMB

and BBN compatibility. Forward-looking tests include a universal gravitational decoherence

rate testable via nanoparticle optomechanics and a non-turnover of the Hawking-radiation

Page curve. The framework requires no new particles, extra dimensions, or alterations to

existing field equations.
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Projective Process Monism
One-Card Reference

Arena. CP3 (complex projective 3-space).

Operator. τ : z 7→ z̄ (anti-holomorphic involution).
Fix(τ) = RP3 is actuality.

Dynamics. Kähler flow on CP3 between τ -events:

Hα = − ℏ2

2mπ
∇2

CP3 +mπc
2 log

(
1 + |z|2/λ2

C

)
,

ρ̇ = − i
ℏ
[Hα, ρ] +

∑

b

γb

(
ÂbρÂ

†
b − 1

2{Â†
bÂb, ρ}

)
.

CP3 (possibility) projects onto its fixed-point set RP3 (actuality) under τ , at every level of an energy

hierarchy anchored by mπ. Every persistent structure—particles, forces, gravity, the cosmological

constant, the geometry of conscious experience—emerges from this projection.

Dynamics

Events. At gravitational rate ΓG = Gm3c/ℏ2, τ fires: ρ 7→ ÂbρÂ
†
b/Tr(ÂbρÂ

†
b) (Born rule).

Variational principle. Surprisal F = − log Tr(ÂbρÂ
†
b) minimized at each cycle.

Per-event content

Fact types (V4). τ -odd (normal) τ -even (tangent)

Kähler (arena) A spectral B spatial

gauge (bundle) C chiral D intensity

Information. I(k) = 3 log2 R(k) bits

Entropy. ∆Sevent = 3 kB ln(2π) ≈
5.5 kB

Scale and cascade

k-cascade. E(k) = mπ(2π)(51−k)/2 (each event located at a specific k-scale).
Anchors:
k= 1 E ∼ 1019 GeV Planck

k= 51 E = mπ = 140 MeV pion (anchor)

k≈ 75 Tmatch = 310 K biology

k≈ 80 Tmatch = 2.7 K CMB

Per-event duration. τevent(k) = πℏ/(2E(k)) (Margolus–Levitin bound).

Resolvability ratio. R(k) = E(k)/(kBT ) at ambient temperature T ; Tmatch(k) = E(k)/kB.
Regimes partitioned at R = 1:

R ≫ 1 discrete-quantum

R ≈ 1 transitional

R ≪ 1 classical-thermal

Capacity

Boundary capacity. N∞ = φ392 ≈ 8.4 × 1081 (sets Λ, cosmic IR scale).
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Preface

This document is the technical exposition of Projective Process Monism. It contains the

derivations, the spectral calculations, the formal proofs, the verification suite the computa-

tional companion implements, and the catalog of testable predictions. The Ontology is the

conceptual companion: what the framework says reality is and how the pieces fit together.

This volume answers a different question: does the math actually close?

This document is for physicists, mathematicians, and advanced graduate students with

interest in foundations of physics, quantum measurement, or the geometric structure of the

Standard Model. Background assumed: graduate quantum mechanics; basic differential

geometry (manifolds, fiber bundles, group actions); some spectral theory; familiarity with

the Standard Model and general relativity at the level of a survey course. Readers wanting

refreshers on small finite groups or other prerequisites can consult the math primer at

projectiveprocessmonism.com.

The chapter dependency graph is strictly forward—each chapter cites only earlier ones—so

a reader new to the framework can read linearly. A reader who wants the empirical case first

should start at the Predictions chapter (Chapter 19); each prediction has a self-contained

result and a pointer to its derivation. The appendices contain the dense calculations—heat-

kernel evaluations, formal proofs, the equation index, the open-calculations catalog—and are

designed to be referenced rather than read straight through.

Every numerical result is reproducible from open code. The computational companion

lives at github.com/ProjectiveProcessMonism/ppm-framework; it implements each derivation

and runs a self-consistency suite on every commit. The work is unaffiliated with any academic

institution. Substantive corrections, replications of any calculation, and counter-examples

are welcomed.
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Introduction to This Document

The document is organized as a descent through consequences in seven parts: Foundations

(T.1–T.3) establishes the arena, actualization operator, and Born rule; Symmetry and

Structure (T.4–T.5) derives gauge symmetries and three generations; Scales and Infor-

mation (T.6–T.7) develops the information-theoretic and thermodynamic constraints that

organize all energy scales; Bridge Constants and Particle Physics (T.8–T.11) derives

the bridge constants, particle masses, mixing angles, and fine-structure constant; Gravity,

Cosmology, and Dark Energy (T.12) extracts Newton’s constant and the cosmological

constant; Consciousness and Foundational Closure (T.13–T.14) identifies the conscious-

ness window and verifies self-consistency; and the Empirical Program (T.15) collects all

predictions with falsification criteria. Code pointers indicate Python implementations in the

ppm/ package; see Chapter T.15 for the complete prediction registry.
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Chapter 1

T.1: Arena — CP3 Geometry

1.1 Empirical Basis

Ontological context: 3

The claim that every micro-event is a CP3 → RP3 actualization rests on an empirical

constraint from phenomenology, not merely a mathematical ansatz.

1.1.1 Phenomenological Constraint

Rudrauf et al. (2017) developed the Projective Consciousness Model (PCM) through sys-

tematic analysis of the invariant structure of conscious experience. Through analysis of the

geometry of qualia—perspectival character of perceptual space, point-of-view organization,

and the horizon structure of experiential fields—they showed that phenomenal experience

possesses the mathematical properties of RP3.

This is a precise mathematical claim. RP3 = S3/Z2, where the Z2 identifies antipodal

points x ∼ −x. The phenomenological evidence requires:

1. Projective structure: Phenomenal space is projective, not Euclidean.

2. Fundamental group: π1(RP
3) = Z2. Only 720◦ rotations return to identity.

3. Hopf fibration: S1 → S3 → S2 structure, where moment-to-moment experience (S1)

fibers over spatial awareness (S2).

The model generates quantitative predictions—projective-geometric predictions for the Moon

Illusion and Ames Room Illusion—that have been experimentally validated in VR psy-

chophysics (Williford et al., 2018).
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1.1.2 From Description to Constraint

The framework treats phenomenology as a physical constraint. If consciousness genuinely

occurs—if there is “something it is like” to be a system—then any complete physical theory

must accommodate the existence of RP3 phenomenology. This is a boundary condition on

any valid theory, not an additional postulate.

Given that the actuality space is RP3, the question becomes: what is the simplest complex

projective space M admitting an anti-holomorphic involution τ with Fix(τ) = RP3? The

answer is CP3, as established in Section 1.7.

1.1.3 Resolution Problems

The arena bears on six standing problems, each cashed out in a later chapter where the

corresponding derivation is given. These are addressed in turn: measurement (Chapter 4, Born

rule from Z2 topology); fine-tuning of dimensionless constants (Chapters 10–13, eigenvalues of

the Fubini-Study Laplacian); the unification gap between GR and the SM (Chapters 10 and

12, the missing B–C bridge τ); the hierarchy problem (Chapter 9); the cosmological constant

problem (Chapter 14, N∞ = φ392); and the hard problem of consciousness (Chapter 16).

1.1.4 Scope and Limitations

Empirical input. The framework takes RP3 phenomenology as an empirical starting point.

It does not derive spatial dimensionality from first principles, but rather takes the observed

fact of 3-dimensional space as a constraint on the kinematic arena.

Unit freedom. A single energy-scale calibration—the pion mass mπ—anchors all

dimensional predictions. This is a unit choice, not a free parameter. All other mass ratios

and coupling constants are derived consequences.

Known gaps. Several calculations remain incomplete: Fubini-Study to MS matching at

the Pati-Salam scale, Berry phase integrations for CKM mixing angles, and light quark mass

derivations. These are detailed in Chapter 19 and Appendix B.

Critical-scale predictions. The derivation of these observables (kconscious, reliability

thresholds, qualia geometry) is structurally sound but experimental verification is in early

stages. These predictions require neuroscience experiments that are not yet standard.
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Figure 1.1: CP3 (the six-dimensional space of possibility) with RP3 (the three-
dimensional space of actuality) as the luminous locus of fixed points under the Z2

involution τ . The arena is fixed by these two objects — every force, every particle,
and the structure of phenomenal experience emerge from the internal geometry of
this single picture. Sections 1.2–1.8 develop the math.

1.2 Projective Coordinates and Fubini-Study Metric

A point in CP3 is an equivalence class of complex 4-vectors:

[z0 : z1 : z2 : z3], zi ∈ C, (z0, z1, z2, z3) ̸= 0, (1.1)

with equivalence relation [z] ∼ [λz] for λ ∈ C∗.

The Fubini-Study metric on CP3 is defined via the Kähler potential

K([z]) = log

(
3∑

i=0

|zi|2
)
, (1.2)

yielding the metric tensor

gij
F S =

∂2K

∂zi∂z̄j

. (1.3)

The geodesic distance between two points is

d([z], [w]) = arccos

(
|⟨z, w⟩|
∥z∥ ∥w∥

)
, (1.4)
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where ⟨z, w⟩ =
∑

i z̄iwi is the Hermitian inner product.

Remark 1.2.1 (Normalization). The Fubini-Study metric is normalized so that the holo-

morphic sectional curvature equals 1 and the orthogonal sectional curvature equals 1/4. The

scalar curvature follows: R = 4n(n+ 1) · (c/2) = 24 for n = 3, c = 1.

1.2.1 Zoll Structure on RP3

The Fubini-Study metric restricted to RP3 = Fix(τ) is the round metric of constant sectional

curvature 1/4 (totally real sections inherit the orthogonal curvature value). This induced

metric makes RP3 a Zoll manifold: every unit-speed geodesic on RP3 is a closed curve

of common length π, inherited from the closed great circles on S3 of length 2π under the

antipodal quotient (Besse, 1978).

Round RP3 being Zoll is not a generic feature of 3-manifolds. Manifolds all of whose

geodesics close are heavily constrained, and the symmetric ones — the compact rank-one

symmetric spaces — form a short classified family; RP3 is on that list. The integer-spaced

spectrum the cascade relies on is available because the actuality manifold is one of these few

spaces rather than a generic 3-manifold. Three dimensions is moreover the unique case where

RPn admits non-constant-curvature Besse metrics; this is a strict structural exception that

the arena inherits.

Theorem 1.2.1 (Zoll spectral clustering). On a Zoll manifold of dimension n, the Laplacian

∆ = −∇2 has eigenvalues clustered around the integer-shifted values (ℓ+α)2 with multiplicities

scaling as ℓn−1, where α is the Maslov-Morse index constant for the closed geodesics (Colin de

Verdière, 1973; Duistermaat and Guillemin, 1975).

Consequences for the framework:

• Integer-spaced cascade. The cascade index k used throughout the hierarchy chapter

(Chapter 9, §9.3.1) is the Zoll spectral order ℓ on RP3, projected onto a logarithmic

energy axis through the symplectic scaling factor g = 2π. Integer-spacing of k is the

Zoll signature on RP3, not a separately quantized cascade.

• Geodesic flow has a global section. The space of closed geodesics on RP3 is itself a

smooth 4-dimensional symplectic manifold (it is S2 ×S2 up to a twist), and icosahedral

tilings on RP3 inherit consistency from this global structure.
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• Funk transform invertibility. The integral transform f 7→ ∫
γ f over closed geodesics

γ is invertible on RP3, giving a real-side companion to the Penrose transform on the

complementary imaginary directions of CP3 (LeBrun and Mason, 2002).

The Zoll structure on RP3 is spatial: the closed geodesics live on the static actuality slice.

This is not the Lorentzian Zollfrei condition (closed null/timelike geodesics on spacetime),

which would predict closed timelike curves. The framework’s arrow of time comes from M(t),

the cumulative actualization record, not from geodesic flow on a static slice.

1.3 Topological Invariants

The fundamental topological invariants are:

• Euler characteristic: χ(CP3) = 4

• Dimension: dimR(CP3) = 6

• Fundamental group: π1(CP
3) = 0 (simply connected)

• Homology: H0(CP
3;Z) = Z, H2(CP

3;Z) = Z, H4(CP
3;Z) = Z, H6(CP

3;Z) = Z

• Cohomology ring: H∗(CP3;Z) = Z[x]/(x4) where deg(x) = 2

1.4 Hopf Fibration

The Hopf fibration

S1 → S7 → CP3 (1.5)

realizes CP3 as a principal U(1) bundle. The total space S7 is the unit sphere in C4. The

structure group S1 = U(1) acts by phase multiplication.

Physical interpretation: The S1 fiber carries the electromagnetic U(1) gauge structure.

Its volume is

Vol(S1) = 2π, (1.6)

which is the fundamental scaling factor g = 2π appearing throughout the hierarchy (Chap-

ter 9).

1.5 Twistor Fibration

The twistor fibration

CP3 → S4 (1.7)
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realizes CP3 as the twistor space of the round 4-sphere (Penrose, 1967). The fiber over each

point of S4 is CP1 ∼= S2.

Physical interpretation: The twistor fibration encodes gravitational structure via the

conformal geometry of spacetime.

Figure 1.2: CP3 admits two complementary fibration structures on the same arena.
Left: the Hopf fibration S1 → S7 → CP3 decomposes the arena into circular S1 fibers

— the orbits of the U(1) phase action — which encode electromagnetic gauge freedom;
the fibers are topologically linked, a property unique to the Hopf structure. Right:
the twistor fibration CP3 → S4 decomposes the same arena into S2 fibers over S4,
encoding gravitational null-geodesic structure. Both decompositions coexist on a single
geometric space; electromagnetism and gravity are distinct fibrations of the arena
established in Sections 1.4–1.5.

1.6 Kähler Structure

The Kähler form on CP3 is

ω =
i

2π
∂∂̄K =

i

2π
gij

F Sdzi ∧ dz̄j. (1.8)

The Kähler structure consists of three compatible objects:

1. Metric: gF S (Fubini-Study)

2. Symplectic form: ω (from Kähler potential)

3. Complex structure: J (multiplication by i on holomorphic tangent)
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They satisfy the compatibility condition

ω(u, v) = gF S(Ju, v). (1.9)

1.7 CP3 as Minimal Sufficient Arena

Theorem 1.7.1 (Minimality of CP3). CP3 is the minimal complex projective space simulta-

neously supporting:

1. A real anti-holomorphic involution τ whose fixed-point set is 3-dimensional

2. A Hopf fibration with structure group U(1)

3. The Pati-Salam gauge group SU(4)C × SU(2)L × SU(2)R

Proof sketch. For CPn with anti-holomorphic involution τ and fixed-point set Fix(τ) =

RPn, three rank counts on RPn all equal n under different conventions:

• dimR Fix(τ) = n (real dimension of the actualized submanifold).

• rankRν = n, where ν = ν(RPn → CPn) is the real normal bundle (τ -odd directions).

• rankCT
1,0CPn|RPn = n, where T 1,0 is the holomorphic tangent of CPn restricted to the

fixed-point set.

Each carries different physical content: dimR Fix(τ) is the phenomenal-space dimension;

rankRν counts the τ -odd fibre directions stripped at each actualization event; rankCT
1,0|RPn

is the complex rank that gauges the colour representation. The minimality argument tests

each n against all three theorem clauses with these counts kept distinct:

• CP1: dimR Fix(τ) = 1, rankRν = 1, rankCT
1,0|RP1 = 1. Hopf fibration S1 → S3 → CP1

exists, but the 1-dimensional fixed-point set cannot support a 3-dimensional phenomenal

space (clause 1 fails), and the complex rank-1 holomorphic tangent cannot carry the

SU(3)C colour triplet representation, which requires complex rank 3 (clause 3 fails).

The isometry group U(2) (dim 4) is also too small to construct the Pati-Salam gauge

group (dim 21).

• CP2: dimR Fix(τ) = 2, rankRν = 2, rankCT
1,0|RP2 = 2. Hopf fibration S1 → S5 → CP2

exists, but the 2-dimensional fixed-point set still fails clause 1, and the complex rank-2

holomorphic tangent is one rank short of the colour-triplet requirement (clause 3 fails).

• CP3: dimR Fix(τ) = 3, rankRν = 3, rankCT
1,0|RP3 = 3. Clause 1 satisfied (3-dimensional

phenomenal space). Clause 2 satisfied: the Hopf fibration S1 → S7 → CP3 is the

canonical 7-sphere case. Clause 3 satisfied: the isometry group U(4) admits both decom-

positions needed to construct the Pati-Salam gauge group—the complex decomposition
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u(4) = u(1) ⊕ su(4) supplies SU(4)C , and the τ -fixed decomposition u(4) ⊃ o(4) with

so(4) ∼= su(2)L ⊕ su(2)R supplies the chiral doublet (Chapter 5, §Symmetry Breaking

Chain)—and the holomorphic tangent at complex rank 3 matches the SU(3)C colour

triplet exactly.

• CPn for n ≥ 4: all three counts equal n > 3, introducing surplus dimensions with

no physical counterpart at every count (extra phenomenal dimensions, extra τ -odd

directions, and a colour representation larger than SU(3)).

The three rank counts that all happen to equal n on RPn are genuinely distinct objects:

ν is the real normal bundle whose triviality is established in §1.9; T 1,0|RPn is the holomorphic

tangent that carries the gauge representation discussed in §1.7 Consequences below. The

numerical coincidence of their ranks at each n is what allows the minimality argument to

read cleanly across the three theorem clauses, but the bundles themselves should not be

conflated downstream.

1.8 Intrinsic Completeness

Theorem 1.8.1 (Self-Contained Actualization Dynamics). CP3 with the Fubini-Study metric

is geometrically self-complete: the entire actualization dynamics (τ projections, unitary

evolution, fiber accumulation) occurs within CP3 with no external embedding space required.

Key properties:

1. Complete Riemannian manifold: Every geodesic extends to arbitrary parameter

values; no boundary

2. Compact: Every open cover has a finite subcover

3. Intrinsic metric: Defined via Hermitian inner product on C4, not via external

embedding

1.9 Topological Character of the Normal Bundle

The embedding RP3 ↪→ CP3 as Fix(τ) comes with a normal bundle ν(RP3 → CP3) of real

rank 3. Its topological structure carries through several downstream derivations (gauge

structure, Berry-phase closure, the hierarchy factor) and so warrants explicit characterization.

Theorem 1.9.1 (Normal-bundle triviality). The normal bundle ν(RP3 → CP3) is trivial as

a real vector bundle: ν ∼= RP3 × R3.
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Proof.

1. Lagrangian property. Anti-holomorphic involutions on Kähler manifolds reverse the

symplectic form: τ ∗ω = −ω. On Fix(τ), ω = τ ∗ω = −ω, so ω|RP3 = 0. Combined with

the dimension count dimR RP
3 = 3 = 1

2
dimR CP

3, this is the Lagrangian condition.

2. Lagrangian normal-bundle isomorphism. For any Lagrangian L in a symplectic manifold

(M,ω), the symplectic form induces a bundle isomorphism ν(L → M) ∼= T ∗L (Audin,

2004). Hence ν(RP3 → CP3) ∼= T ∗RP3.

3. Metric duality. The Fubini-Study metric restricts to RP3 and gives T ∗RP3 ∼= TRP3.

4. Parallelizability. RP3 ∼= SO(3), and every Lie group is parallelizable: left-invariant

vector fields trivialize the tangent bundle (Milnor and Stasheff, 1974). Therefore

TRP3 ∼= RP3 × R3.

Composing the four steps gives ν ∼= RP3 × R3. All Stiefel-Whitney classes wi(ν) = 0, all

Pontryagin classes vanish, and the Euler class is zero. □

Figure 1.3: The tangent/normal decomposition at a point of RP3 established by
Theorem 1.9.1. Gold arrows mark the three tangent (real) directions preserved by
τ ; violet filaments mark the three normal (imaginary) directions reversed by τ . The
split is the geometric content of one fiber: the tangent directions carry propagation
on the actualized boundary, while the normal directions carry the spectral and chiral
content that each τ -event strips into the normal bundle. Triviality of the normal
bundle (ν ∼= RP3 × R3) is what permits the consequences enumerated below: gauge
structure sourced from Isom(CP3), Berry-phase 720◦ closure from the spin structure
rather than ν, and the g = 2π orbit-volume decomposition.

1.9.1 Consequences for Downstream Derivations

Gauge structure is sourced from the isometry group. Triviality of ν leaves the

bundle’s intrinsic topology with nothing to contribute at the gauge level. The complex rank-3

structure that supports SU(3)C lives on the holomorphic tangent T 1,0CP3|RP3 , acted on as a

frame change by SU(4) ⊂ Isom(CP3). The Pati-Salam group is constructed from U(4)’s two

algebraic decompositions (Section 5.4): the complex decomposition supplies SU(4)C and the
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τ -fixed decomposition supplies SU(2)L × SU(2)R. Pati-Salam structure is forced by CP3’s

isometry group; ν is the geometric setting along which that action propagates.

Berry-phase 720◦ closure comes from the spin structure. Triviality forces w1(ν) = 0,

so the 720◦ closure used in the CKM Berry-phase derivation (Chapter 12) cannot be Stiefel-

Whitney holonomy on ν. The closure constraint comes from the non-trivial spin structure on

RP3 (Section 1.9.2). ν supplies the (k, |z|) parameter space along which the spinor transports.

g = 2π as orbit volume on a trivial bundle. The hierarchy factor decomposition

g2 = |V4|×Vol(RP3) = 4π2 (Section 9.1) reads cleanly on a trivial bundle: the fact-type Klein

four-group V4 acts freely fiber-wise on ν (triviality being what permits free fiber-wise action),

and the orbit volume of this action equals the discrete-times-continuous product. Triviality

of ν is what makes the discrete and continuous factors combine into a single orbit-volume

quantity.

Strong-CP angle. θstrong = 0 has the cohomological reading H4(RP3,Z) = 0 available

alongside the existing derivation (Chapter 12): instanton-number integrals over RP3-localized

configurations vanish for cohomological reasons, compatible with the topological prediction.

Anomaly freeness. The Witten SU(2) anomaly (Witten, 1982) is detected by a non-

trivial second Stiefel-Whitney class on the SU(2) bundle. Triviality of ν forces w2(ν) = 0,

so any SU(2) bundle pulled from ν’s structure inherits this vanishing and is anomaly-free

by construction. The absence of a Witten obstruction is a topological consequence of the

Lagrangian-plus-parallelizability structure of the embedding, not a condition the framework

must separately impose.

The cascade is geometrically flat with respect to the spinor bundle. Moving

along the energy hierarchy k (Chapter 9) does not disturb the fiber. Triviality of ν together

with the Fubini–Study geodesic structure makes the spin connection components in the k-

and radial |z|-directions vanish, so parallel transport along the cascade accumulates no Berry

phase. The spinor bundle on RP3 is invariant under k-rescaling; the same fiber runs at every

cascade level. Section 9.3.2 works out the unified-across-scales consequences.

1.9.2 Spin Structure

H1(RP3,Z2) = Z2, so RP3 admits two spin structures. The framework uses the non-trivial

one—the structure for which 360◦ rotation flips the spinor sign and 720◦ closure is required.

This is the spin structure consistent with the Spin(3) ∼= SU(2) double cover of SO(3) ∼= RP3,

and is the source of the 720◦ Berry-phase closure used throughout the mixing-angle and

CP-violation derivations of Chapter 12.
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Chapter 2

T.2: Operator

Ontological context: 4

The arena of Chapter 1 carries one further piece of structure: the actualization operator

τ , the involution that distinguishes actuality from possibility. This chapter defines τ , works

out its five properties, follows the cycle the operator drives between actualization events,

and writes the tripartite Hamiltonian that governs the cycle at every scale. The variational

principle the cycle minimizes is the subject of Chapter 3.

2.1 Definition and Properties

Definition: The actualization operator is the complex conjugation map on CP3:

τ : [z0 : z1 : z2 : z3] 7→ [z̄0 : z̄1 : z̄2 : z̄3]. (2.1)

Five fundamental properties:

1. Isometry: τ ∗gF S = gF S, since |z̄i| = |zi|
2. Anti-holomorphic: τ ◦ J = −J ◦ τ , where J is the complex structure

3. Involution: τ 2 = id

4. Fixed-point set:

Fix(τ) = {[x0 : x1 : x2 : x3] : xi ∈ R} = RP3 (2.2)

The only points [z] ∈ CP3 satisfying τ([z]) = [z] are those with real coordinates.

5. Symmetry breaking: The full U(4) isometry group of CP3 is broken by τ to its
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subgroup

U(4) → O(4) = Fix(τ conjugacy), (2.3)

i.e., orthogonal matrices that commute with τ .

Figure 2.1: The five properties made visible. The violet dome is CP3 with its
full U(4) symmetry structure. Complex conjugation acts at the cyan Z2 boundary,
splitting the geometry into two components at RP3 (gold sphere). The gold bands
wrapping the sphere’s surface are the tangent bundle — real directions preserved
by τ , left unchanged by the involution. The violet filaments radiating perpendicular
to the surface are the normal bundle — imaginary directions reversed by τ . The
split is isometric (no structure added or lost), anti-holomorphic (real and imaginary
directions treated differently), involutory (τ2 = id), and breaks U(4) → O(4) — only
the transformations compatible with the split survive. Section 2.2 works each property
out in detail.

2.2 Five Properties Detailed

2.2.1 Isometry

For any two points [z], [w] ∈ CP3,

d(τ [z], τ [w]) = arccos
|⟨z̄, w̄⟩|
∥z̄∥ ∥w̄∥ = arccos

|⟨z, w⟩|
∥z∥ ∥w∥ = d([z], [w]), (2.4)

because |z̄i|2 = |zi|2 and ⟨z, w⟩ = ⟨w, z⟩.
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2.2.2 Anti-Holomorphic

The complex structure J on CP3 (multiplication by i on holomorphic vectors) satisfies

τ ◦ J = −J ◦ τ, (2.5)

since τ(iz) = −iτ(z) for any complex number.

2.2.3 Involution

τ(τ([z])) = τ([z̄]) = [¯̄z] = [z]. (2.6)

2.2.4 Fixed-Point Set

If τ([z]) = [z], then [z̄] = [λz] for some λ ∈ C∗. Taking absolute values: |zi| = |λ| · |zi|, so

|λ| = 1. Thus λ = eiθ. But then z̄i = eiθzi for all i. For this to hold, zi = e−iθ/2xi with

xi ∈ R. Thus λ = 1 and zi ∈ R.

2.2.5 Symmetry Breaking

The Lie algebra u(4) of unitary 4 × 4 matrices is preserved by the conjugation A 7→ τ(A)τ̄−1.

The fixed subgroup is O(4) — the orthogonal matrices commuting with τ .

2.3 Actualization Cycle

2.3.1 Process Ontology

The framework is most naturally read as process ontology (Whitehead, 1978): actualization

events are fundamental, and persistent objects (particles, fields, spacetime points) are derived

patterns across event sequences. Since τ 2 = id, no state carries forward between firings—there

is no mathematical object representing an electron “between” actualization events, only a

pattern that recurs with period k = 57. A substance-ontological reading (enduring objects

with changing properties) would require additional interpretive structure not present in the

mathematics, though the question of whether such a reading is strictly excluded or merely

unparsimonious remains open (see The Ontology, O.3).
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2.3.2 Two Geometric Tendencies

The dynamics between successive τ applications is governed by two competing geometric

tendencies in permanent tension:

Complexification (Kähler flow): After τ projects to RP3, the state sits on the real

section: maximally actual, minimally possible. However, RP3 is a Lagrangian submanifold

of CP3 with ω|RP3 = 0 (Oh, 1997), and the Kähler structure couples real and imaginary

directions in its neighborhood. The symplectic flow generated by the Kähler Hamiltonian

pushes the state off the real section into imaginary directions:

ρ̇ = LHαρ = − i

ℏ
[Hα, ρ]. (2.7)

Possibility regenerates from actuality: complex geometry naturally generates imaginary

content from real initial conditions. Possibility is the relaxed state of CP3; actuality is the

constrained state.

Projection (Instanton tunneling): τ is a permanent structural feature of CP3. As

imaginary amplitude rebuilds, the probability of projecting back onto RP3 grows with it.

When the tunneling amplitude through the Kähler barrier reaches the instanton threshold,

projection occurs: the state collapses to the real section, stripping imaginary content into the

normal bundle.

2.3.3 The Cycle and the Fine-Structure Constant

The cycle repeats as follows:

actuality Kähler flow−−−−−−→ possibility grows instanton threshold−−−−−−−−−−−→ new actuality

The fine-structure constant α ≈ 1/137 (Particle Data Group, 2024) measures the balance

between these two tendencies. Larger α would mean faster projection, less accumulated

coherence between events, a more classical universe. Smaller α would mean more accumulated

superposition, less definiteness. The observed value is the self-consistent balance at which

Kähler complexification and instanton projection rates match.

Kähler geometry generates complexification; Z2 involutions generate projection. The

cycle is self-driving. The universe is the ongoing interaction between these two geometric

tendencies. Everything else—particles, forces, spacetime, consciousness, thermodynamics—is

structure within this cycle at different k-levels.
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Figure 2.2: The actualization cycle in four phases. Phase 1 (Complexification):
Kähler flow on the arena rebuilds imaginary content, expanding the state into su-
perposition along the secret imaginary directions. Phase 2 (Threshold): imaginary
amplitude reaches the instanton threshold, where tunneling through the Kähler bar-
rier becomes appreciable. Phase 3 (Projection): the operator fires probabilistically,
following the Born rule (Chapter 4); imaginary content is stripped into the normal
bundle. Phase 4 (Actuality): a new definite fact is deposited into the actual world,
and the cycle restarts. The tension between Kähler complexification and projection
requires no external observer to trigger — the cycle is self-driving from the arena’s
own geometry. The fine-structure constant α ≈ 1/137 measures the balance between
the two tendencies (Chapter 13).

2.4 Tripartite Hamiltonian Structure

The total system is governed by

Htotal = Hα[CP3] +HG[RP3] +Hint[boundaries]. (2.8)

2.4.1 Possibility Sector: Hα

Between τ -applications, states evolve unitarily within CP3 under

Hα = − ℏ2

2mπ

∇2
CP3 + VKähler, (2.9)
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where the Kähler potential is dictated by the Fubini–Study metric:

VKähler = mπc
2 log

(
1 +

|z|2
λ2

C

)
. (2.10)

The logarithmic form acts as a potential barrier that suppresses or promotes actualization

depending on state magnitude: small |z| (near RP3) permits easy actualization; large |z|
(far from RP3) suppresses it. This Hamiltonian governs the unitary recharging between

projections, rebuilding the τ -odd (imaginary) content that each actualization stripped away.

The evolution includes quantum superposition, interference, and phase accumulation.

Each τ -event projects onto an eigenstate of Hα, and the eigenvalue at that projection is

the event’s energy (Chapter 7, §7.7, Energy Identity). The Hα spectrum and the cascade

k-coordinate are distinct structures that cohere event-by-event; the canonical treatment is in

Chapter 9, §9.3.

2.4.2 Actuality Sector: HG = 0

Actualized geometry satisfies the Wheeler–DeWitt constraint (DeWitt, 1967):

ĤG|ψ⟩ = 0, ĤG =
Gijklπ

ijπkl

√
h

−
√
hR(3). (2.11)

This equation states that actualized spatial geometry does not evolve under Hamiltonian

dynamics—it is frozen once actualized. This seems paradoxical (how does time pass if

geometry is frozen?), but the resolution is simple: time does not come from metric evolution.

Time is instead the ordered sequence of successive τ -actualization events. General relativity

exhibits no explicit time coordinate precisely because it describes the frozen actualized sector,

not the actualization process itself. Each new actualization adds to the geometric record, but

does not modify it.

2.4.3 Interaction Sector: Hint

The actualization process itself is governed by

Ĥint =
∑

b

[
ΓGP̂b + Âb

]
, (2.12)
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where the sum runs over actualization sites b—physical locations where the gravitational de-

coherence rate exceeds the rate of unitary evolution within CP3. The operator Âb implements

the τ projection at site b.

The gravitational decoherence rate at each site follows from the Penrose-Diósi framework

(Diósi, 1989; Penrose, 1996):

ΓG =
Gm2

b

ℏ rb

, (2.13)

where rb is the characteristic spatial extent of the mass distribution at site b. For a fundamental

particle at hierarchy level k, the energy hierarchy (Chapter 9) assigns a characteristic length

λ(k) = ℏ/(m(k) c)—the Compton wavelength. With rb = λC = ℏ/(mbc), the decoherence

rate becomes

ΓG =
Gm3

b c

ℏ2
. (2.14)

At the Planck mass mP =
√
ℏc/G, this gives ΓG = c5/(Gℏ) = 1/tP : decoherence occurs at

the Planck frequency, confirming dimensional and physical consistency.

Conditional Independence

The actualization sites b partition the CP3 Hilbert space into sectors:

H = HS ⊗ H∂S ⊗ Henv, (2.15)

where H∂S is the local interaction region. The τ -operator acts only on HS ⊗ H∂S without

requiring knowledge of Henv; this ensures that Âb is local and causally defined. The location

of actualization sites is determined not by boundary conditions but by the competing rates of

gravitational decoherence and unitary evolution, whose balance produces α in the instanton

computation.

The Actualization Cycle

The three sectors combine into a repeating cycle:

1. Unitary phase (Hα): The state evolves in CP3, rebuilding τ -odd content (imaginary

fiber). Quantum superposition, interference, and phase accumulation occur.

2. Actualization event (Hint): At an actualization site, τ fires. The state projects from

CP3 onto RP3. Type B and Type D content are preserved; Type A and Type C content

are stripped into the normal bundle.
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3. Frozen geometry (HG = 0): The actualized spatial geometry does not evolve between

events. It accumulates—each new actualization adds to the record.

4. Return to step 1.

The 720◦ Requirement

The cycle requires a full 720◦ (4π) rotation before actualization completes, a consequence of

π1(RP
3) = Z2. The topological derivation and its connection to the Born rule are given in

Chapter 4, Section 4.4.

Figure 2.3: The tripartite Hamiltonian (Eq. 2.8) in its smallest drawable arena:
CP3 reduced to CP1, so possibility space is a Bloch sphere and its real section RP1 a
single circle. (a) One actualization cycle on the (nz, ny) disc. The state starts on
RP1 (gold, actuality); Hα — a σx rotation standing in for the Kähler flow — lifts
it into τ -odd content along the violet arc; the τ -event Hint projects it back to RP1

as a Born-weighted POVM jump (Eq. 3.3), to |0⟩ or |1⟩ with probabilities P0, P1 —
the heavier branch the more likely, the realised branch arrowed. The angle θ swept
per cycle tracks the ratio ω/Γ of complexification rate to firing rate, the balance that
fixes α (Chapter 13). (b) The τ -odd content |ny| across many cycles: Hα rebuilds
it at rate ω and each firing strips it, the continuous evolution of Eq. 3.2 alternating
with the jumps of Eq. 3.3. (c) The actualization free energy F (§3.1) along the same
single trajectory; the ensemble-mean descent that establishes the Lyapunov property
is Figure 3.1. CP1 carries no Standard Model content — that needs CP3 — but the
actualization cycle has the same structure here as at every k.
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Chapter 3

T.3: Variational Principle

Ontological context: 7

The operator and the cycle developed in Chapter 2 drive a specific dynamics: each

actualization event minimizes a free-energy functional of the pre-projection state. This

chapter defines that functional, proves the Lyapunov property that makes minimization

well-posed across the actualization cycle, and shows how the same principle specializes at the

Planck, Standard Model, and critical-scale regimes that subsequent chapters develop. The

two-loop extension at the critical scale — where measurement-basis dynamics couple to the

density-matrix dynamics — is stated formally here and elaborated in Chapter 16.

3.1 Actualization Free Energy

Definition 3.1.1 (Actualization Free Energy). At hierarchy level k, the actualization free

energy at site b in measurement basis b is

F [ρ, k] = − logPb[ρ, k], Pb[ρ, k] ≡ Tr
[
Âb(k) ρ Â†

b(k)
]
, (3.1)

where Âb(k) is the actualization operator at site b and ρ is the pre-projection state.

Corollary 3.1.1 (F as Born-Rule Surprisal). Pb[ρ, k] is exactly the Born-rule probability

that the next τ -projection at site b in basis b produces outcome b (Theorem 4.3.1). Therefore

F [ρ, k] = − logPb is the Shannon surprisal (Shannon, 1948) of that event in nats. Minimizing

F at fixed b is identical to maximizing the Born probability of the next firing. The variational

principle of §3.2 thus inherits the probability assignment of the Born rule as its dynamical

content: the same operator Âb that weights the firing outcomes weights the descent.
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3.1.1 Lyapunov Functional Over the Actualization Cycle

The actualization cycle (§2.4) has two pieces. Between firings, ρ evolves continuously by

Lindblad dynamics (Breuer and Petruccione, 2002; Gorini et al., 1976; Lindblad, 1976)

generated by Hint:

ρ̇cont = − i

ℏ
[Hα, ρ] +

∑

b

γb

(
Âb ρ Â

†
b − 1

2

{
Â†

bÂb, ρ
})
. (3.2)

At Poisson-distributed firing times set by the gravitational rate ΓG = Gm3c/ℏ2 (Equa-

tion 2.14), an actualization event fires. The selected operator Âb is drawn under the Born-rule

weighting Pb/
∑

b′ Pb′ , and the post-firing state is the POVM update

ρ 7−→ ρ′
b =

Âb ρ Â
†
b

Pb[ρ, k]
. (3.3)

The full cycle is the alternation of Equation 3.2 between firings and Equation 3.3 at firings.

Proposition 3.1.2 (F as Cycle-Level Lyapunov Functional). Let F t ≡ E[ minb F [ρ(t), k] ]

be the ensemble mean of the cycle’s minimum-over-operators free energy at time t, where the

expectation is over the joint trajectory of continuous evolution (Eq. 3.2) and POVM firings

(Eq. 3.3). Then dF t/dt ≤ 0 along the cycle, with equality only when ρ is supported on the

eigenspaces of {Â†
bÂb} for some b with Pb = 1.

Proof sketch. Decompose the rate of change. The continuous part contributes dF cont/dt; the

firing part contributes the average F -jump per unit time,
∑

b ΓG Pb ·[F(ρ′
b)−F(ρ)]. After firing,

ρ′
b is an eigenstate of Â†

bÂb (a rank-1 projector under the framework’s Hermitian projection

convention, Section 2.4), so Pb[ρ
′
b, k] = 1 and the minimum-over-operators F(ρ′

b) = 0. Each

firing therefore drops minb F to zero; the firing rate at any state with minb F > 0 is positive

(some Pb > 0), so the firing contribution is strictly negative wherever minb F > 0. The

continuous part contributes a non-positive expectation under the Born-rule prior (operators

with higher Pb fire more often, biasing the trajectory toward configurations with lower minb F).

Sum: dF t/dt ≤ 0, with equality only when no operator can fire from the current state at

positive rate, i.e., when ρ already sits at the cycle fixed point.

Remark 3.1.1 (Pure-Lindblad rate vanishes for Hermitian projector Âb). The Lyapunov

property is a property of the cycle, not of the continuous Lindblad evolution alone. Under

the framework’s locked convention Âb = Â†
b with Â2

b = Âb (rank-1 projection onto a τ -even
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mode), the Heisenberg generator of the dissipator on Â†
bÂb = Âb vanishes:

d

dt
Tr[Âb ρcont(t)] = Tr

[
Âb

(
Âb ρ Âb − Âb ρ − ρ Âb

)]
= 0, (3.4)

where Â2
b = Âb collapses the three terms. The dissipator in this convention dephases off-

diagonal elements between Âb eigenspaces but conserves the populations Pb = ⟨Âb⟩. Population

descent toward an Âb eigenstate happens at the firings, not in the continuous flow. This is

why Proposition 3.1.2 is stated at the cycle level rather than as a property of Equation 3.2

alone. Figure 3.1 shows the cycle-level descent numerically: a Monte Carlo simulation of

Equation 3.2 + Equation 3.3 on a kmax = 1 truncation, ensemble mean over 40 trajectories,

descends from F(0) → ∞ (worst-case τ -odd start) to F ≈ 1 over four cycle times.

Figure 3.1: Numerical validation of Proposition 3.1.2. Forty Monte Carlo trajecto-
ries of the joint Lindblad-and-firing dynamics (Equations 3.2 + 3.3) on a kmax = 1
truncation, started from a worst-case τ -odd initial state. Individual trajectories (thin
lines) fluctuate; the ensemble mean F t (heavy line) descends monotonically from
F(0) → ∞ at t = 0 to F ≈ 1 over four cycle times, consistent with the cycle-level
Lyapunov statement. Continuous Lindblad evolution alone (no firings) leaves F
stationary under the framework’s locked rank-1 projector convention (Remark 3.1.1);
the descent visible here is the Poisson-sampled firings biasing the trajectory toward
higher Born-rule-weighted regions of the state space.

Remark 3.1.2 (Two-loop extension at the critical scale). For systems with Φ[ρ] > 0 at

R(k) ≈ 1, the measurement basis θ = (θAB, θCD) on the measurement torus T 2 = [0, π/2]2
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(§9.5, Chapter 5) becomes a system-internal degree of freedom. Âb inherits a θ dependence

and the free energy becomes a function of two arguments, F [ρ, θ]. The Lyapunov property

then holds for the joint dynamics; this extension is stated formally as Proposition 3.3.1 in

§3.3.

Remark 3.1.3 (Existence and structure of minima). F is bounded below by zero, attained

when ρ is an eigenstate of Â†
bÂb with eigenvalue one. Three cases for the constrained minimum:

• Unique. When the constraints select a single F-minimizing ρ, the cycle drives the

system to that fixed point. Planck-scale unconstrained gravity is unique in this sense

(the Einstein geometry, §3.3).

• Degenerate. When the constraints select multiple equally-favored configurations, the

cycle selects one branch, breaking the symmetry that exchanges them. This is spontaneous

symmetry breaking; the Higgs vacuum expectation value (Chapter 11) is the canonical

example.

• Metastable. Local minima separated from the global minimum by finite barriers persist

for cycle times set by the barrier height. Tunneling out is itself a τ -event with Born

weight exp(−∆E/E(k)); barriers high relative to the per-event energy correspond to

effectively permanent trapping (false vacua, glasses, supercooled phases).

A flat direction — a soft mode along which F is constant — is unforced under the cycle and

explores its level set diffusively; most open-parameter content of the framework (instanton

moduli R1, R2 in Chapter 13, residual θ-frame freedom at the critical scale) sits in flat

directions of this kind.

3.2 Variational Principle

Theorem 3.2.1 (Universal Variational Principle). At each hierarchy level k, the system

evolves toward

ρ(k) → arg min
ρ

F [ρ, k]. (3.5)

This principle governs dynamics at all scales: Planck, particle physics, consciousness, and

cosmology.
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3.3 Cross-Scale Specialization

The variational principle (Eq. 3.5) is scale-invariant. The physics is scale-dependent because

the constraints defining Âb and the accessible ρ change at each symmetry breaking, each

phase transition, each threshold crossing in the k-hierarchy. Three key regimes demonstrate

how the same variational principle produces qualitatively different physics:

Remark 3.3.1 (Symmetry breaking as bifurcation of F). Each transition between scales is a

bifurcation in the F-landscape. At the higher energy a single basin accommodates the system;

as the constraint structure tightens with decreasing energy, a flat (Goldstone) direction in

that basin acquires curvature in one sign or the other, and a single minimum splits into two

(or more) competing minima separated by a saddle. Spontaneous symmetry breaking is the

geometric event of the cycle selecting one branch. The breaking sequence walked below is

the bifurcation diagram of F traversed along the k-axis: at each named scale, a previously

soft direction has just become curved, and the global F-minimum has just moved to the new

branch. The constraint-set sequence (§3.3) drives the bifurcation sequence; the bifurcation

sequence drives the symmetry-breaking sequence.

3.3.1 Planck Scale (k ≈ 1)

ρ encodes the quantum state of the 3-geometry on a spatial slice; Âb is the gravitational

actualization operator with rate ΓG = Gm3
bc/ℏ

2 (Eq. 2.14). The minimum of F is the state

that maximizes the Born probability of the geometry actualizing. The stationarity condition

δF/δρ = 0 reduces to the Wheeler–DeWitt constraint ĤG|ψ⟩ = 0 (Eq. 2.11): the actualized

geometry sits at the free-energy minimum of the gravitational sector. General relativity is

the F -minimizing configuration at k ≈ 1.

3.3.2 Standard Model Scales (k ≈ 44–57)

ρ encodes gauge-field and matter-field configurations on RP3; the symmetry-breaking sequence

constrains the accessible Âb at each stage. Each breaking is a bifurcation in the landscape of

F : a formerly flat direction acquires curvature, and new minima appear. The Higgs VEV,

the confined vacuum, and the lepton masses are minima of F under the constraints specific

to their k-levels.
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3.3.3 Critical Scale (k ≈ 75)

ρ encodes the density matrix of a neural boundary with Φ > 0 (Tononi, 2004); Âb depends

on the projective frame θ = (θAB, θCD) (Rudrauf et al., 2017) on the measurement torus

T 2 = [0, π/2]2 (§9.5, Chapter 5). The free energy of Equation 3.1 extends to a function of

two arguments,

F [ρ, θ] = − log Tr
[
Âb(θ) ρ Âb(θ)

†
]
, (3.6)

on the extended state space (density matrix and measurement basis). The consciousness-

specific constraint is Φ[ρ] > 0: only integrated boundaries carry a macroscopic θ that can

undergo gradient flow. For non-integrated systems (Φ = 0), the θ degree of freedom is absent

from the effective state space, and F reduces to the generic single-loop Lindblad attractor of

§3.1.

Proposition 3.3.1 (Two-Loop Lyapunov Property). Let Φ[ρ] > 0 and let Âb(θ) be smooth

in θ on T 2. Define the alternating two-loop dynamics:

Inner loop (ρ at fixed θ): continuous Lindblad evolution (Equation 3.2) with jump operator

Âb(θ) between Poisson-timed POVM firings (Equation 3.3).

Outer loop (θ at fixed ρ): gradient descent θ̇i = −η ∂F/∂θi with rate η > 0 small relative

to the inner-loop POVM rate.

Then F [ρ, θ] is non-increasing along the joint trajectory:

d

dt
E
[
F [ρ(t), θ(t)]

]
≤ 0, (3.7)

with equality at fixed points (ρ∗, θ∗) where neither loop can lower F further. Self-consistency

at the fixed point: ρ∗ is supported on eigenstates of Âb(θ
∗)†Âb(θ

∗) with Pb = 1 for some b,

and ∇θF [ρ∗, θ∗] = 0.

Proof sketch. Each loop is a non-increasing F -update by construction. The inner loop applies

Proposition 3.1.2 pointwise in θ: the cycle on ρ at fixed θ has dF/dt ≤ 0. The outer loop is

a gradient descent in the second argument at fixed ρ, so Ḟouter = −η∥∇θF∥2 ≤ 0. Total rate

is the sum, hence ≤ 0. At a joint fixed point, both rates vanish, giving the self-consistency

conditions stated.

Remark 3.3.2 (Active inference as substrate, not theorem). Proposition 3.3.1 establishes

that the dynamical substrate required by an active-inference description — gradient descent on

a variational free energy under coupled ρ and θ updates — is supplied by the actualization cycle

at Φ > 0 scales. The proposition does not derive active inference: a system has to be organized
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as a boundary with a generative model (Chapter 16) for the active-inference description to

apply. The framework provides the substrate; biological organization exploits it. Anti-woo:

“active inference follows from F” is too strong; the correct statement is “F [ρ, θ]-descent under

the two-loop dynamics is the substrate active-inference accounts of biology require.”

3.3.4 Unifying Statement

Gravity, quantum mechanics, and active inference are three constraint regimes of the same

free-energy minimization.
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Chapter 4

T.4: Born Rule

Ontological context: 13

4.1 Problem Context: Why the Born Rule?

Quantum mechanics postulates the Born rule (Born, 1926)

P (λ) = |⟨ϕλ|ψ⟩|2

without explaining why this form or what constitutes measurement. Gleason (1957)’s theorem

shows that under certain assumptions about probability measures on Hilbert spaces, the form

P = |ψ|2 follows uniquely, but this presupposes that probability itself makes sense, without

explaining why quantum probability takes this particular form.

In PPM, measurement is defined as the τ projection onto RP3, and the Born rule derives

from Z2 topology alone. The answer to “why the exponent 2?” is forced by three geometric

constraints: bilinearity, normalization, and continuity.

4.2 Z2 Topology and Spinor Sign Rule

Physical space has topology RP3 = S3/Z2 with fundamental group

π1(RP
3) = Z2. (4.1)

Each point p ∈ RP3 corresponds to an antipodal pair {q,−q} ∈ S3. The Z2 structure

constrains what can be measured: observables must be Z2-invariant.
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Quantum states are sections of a complex line bundle over S3 on which the antipodal

map acts as −1; this is the framework’s spinor structure:

ψ(−q) = −ψ(q). (4.2)

This expresses that a 360◦ rotation flips the spinor sign; a 720◦ rotation returns to identity.

Any physical observable O must be measurable in RP3, giving the same value at identified

points:

O(q) = O(−q) for all q ∈ S3. (4.3)

The wavefunction ψ itself is not Z2-invariant: ψ(−q) = −ψ(q) ̸= ψ(q). Therefore ψ

cannot be directly measured. We need a Z2-invariant quantity constructed from ψ.

Figure 4.1: Left: Topology. The forward spinor journey ψ and its conjugate return
ψ∗ together close the 720◦ cycle on RP3; only at closure does the accumulated complex
phase vanish. Right: Mechanism. At every angle θ on the unit circle, ψ(θ) = eiθ and
ψ∗(θ) = e−iθ are reflections across the real axis; their product ψ ψ∗ = |ψ|2 lands on the
real line for every θ as the imaginary parts cancel pointwise. The Z2 topology is what
forces every point of the forward loop to meet its conjugate; bilinearity, normalization,
and continuity then admit no other invariant probability measure (Theorem 4.3.1).
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4.3 Unique Bilinear Z2-Invariant

Theorem 4.3.1 (Born Rule from Z2 Topology). |ψ|2 is the unique bilinear Z2-invariant

formed from a single spinor, given bilinearity, normalization, and continuity.

Proof. Under the Z2 action q → −q:

ψ(q) → ψ(−q) = −ψ(q), (4.4)

ψ∗(q) → ψ∗(−q) = −ψ∗(q). (4.5)

Their product is Z2-invariant:

|ψ(q)|2 = ψ∗(q)ψ(q) → (−ψ∗(q))(−ψ(q)) = ψ∗(q)ψ(q). (4.6)

Note that |ψ|1 is also invariant under Z2, so topology alone does not fix the exponent.

Requiring:

1. Bilinearity: P (A ∧B) = P (A) · P (B) for independent events

2. Normalization:
∑
P = 1

3. Continuity: (Gleason’s axioms)

forces exponent 2 uniquely. Any other exponent either violates bilinearity, fails normalization,

or has discontinuities.

4.3.1 The Wavefunction is Unmeasurable

Since ψ(−q) = −ψ(q), the wavefunction itself transforms nontrivially under the antipodal

identification. Any measurement operator must commute with the Z2 action, so direct

measurement of ψ is impossible. The measurement operator must extract a Z2-invariant

quantity, forcing the use of |ψ|2.

4.3.2 Geometric Interpretation of the Born Rule

The Born rule is the amplitude of a complete topological cycle. ψ represents the forward

half-loop from q0 to −q0 (360◦, non-contractible in RP3). ψ∗ represents the return from −q0

to q0 (completing the 720◦ cycle). The product ψ∗ψ = |ψ|2 measures this complete cycle.

Complex phases cancel on cycle completion; only the real squared amplitude survives.
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4.4 The 720◦ Topological Cycle

A spinor on RP3 = S3/Z2 must complete a full 720◦ = 4π rotation in the universal cover S3

to return to the same state with the same sign. The 720◦ closure follows directly from the

fundamental group: π1(RP
3) = Z2 means that loops wind around the antipodal axis, and a

double wind is contractible.

Topological Justification

A geodesic from q0 to −q0 in the universal cover S3 has length π. Under the double cover

SU(2) → SO(3), this corresponds to a 2π (360◦) rotation in physical space. A spinor picks

up a sign on this traversal; a second such geodesic returns the spinor to its original sign

and totals a 4π (720◦) rotation in SO(3). The 720◦ closure is the topological signature of

π1(RP
3) = Z2.

Physical Consequences

This topological necessity explains:

1. The doubling in measurement time (two Z2 cycles per actualization)

2. The two-component (left/right chirality) structure of every Dirac fermion: the 720◦

closure requires two spinor components per fermion to complete the cycle

3. Why a single 360◦ rotation cannot complete a quantum measurement

The same Z2 topology that forces the Born exponent governs the parity classification of

physical observables, developed next.

4.5 Spin-Statistics and Pauli Exclusion

The same π1(RP3) = Z2 that fixes the Born exponent also determines the exchange statistics

of identical particles. The single-particle spinor sign rule (eq. 4.2) extends to a sign rule for

the multi-particle wavefunction under exchange; for spinor modes, exchange is antisymmetric,

and Pauli exclusion follows algebraically.
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4.5.1 Configuration Space of Identical Particles

For N identical particles on RP3, the physical configuration space identifies orderings that

differ only by permutation:

CN(RP3) =
(
RP3N \ ∆

)/
SN , (4.7)

where ∆ = {(x1, . . . , xN ) : xi = xj for some i ̸= j} removes coincident configurations and SN

is the symmetric group acting by permutation. The two-particle wavefunction Ψ(x1, x2) is a

section of an appropriate complex line bundle over C2(RP3); its transformation under particle

exchange is classified by the fundamental group π1(C2(RP
3)) (Leinaas and Myrheim, 1977).

In three or more spatial dimensions, π1(CN(M)) projects onto the symmetric group SN ,

and one-dimensional unitary representations of SN are exhausted by the trivial and sign

representations. The only single-particle statistics admitted on RP3 are therefore Bose (+1

under exchange) and Fermi (−1 under exchange); anyonic statistics are excluded by the

three-dimensional configuration-space topology. Which of the two representations a given

mode carries is fixed by how its single-particle wavefunction transforms under 2π rotation,

the content of the spin-statistics correspondence below.

4.5.2 Exchange-Rotation Correspondence

For two identical particles at x1, x2 ∈ RP3, an exchange path is a continuous trajectory in

C2(RP
3) that swaps the two labels. Such a path can be deformed (without intersecting

the diagonal ∆) into a pure rotation of one particle about the other by 2π; this is the

ribbon/belt construction used by Berry and Robbins (1997), who showed that the exchange

phase acquired by Ψ equals the rotation phase acquired by the single-particle wavefunction

under a 2π rotation.

For a spinor mode on RP3 (half-integer fiber-mode index n, ch. 6), eq. 4.2 gives

R(2π) · ψ(q) = −ψ(q), (4.8)

where R(2π) implements a 2π rotation in the universal cover S3. By the exchange-rotation

correspondence, the two-particle wavefunction satisfies

Ψ(x2, x1) = − Ψ(x1, x2) (half-integer n; fermions). (4.9)
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For an integer-n tensor mode (bosons), R(2π) · ψ = +ψ, and the exchange phase is +1:

Ψ(x2, x1) = + Ψ(x1, x2) (integer n; bosons). (4.10)

The fermion/boson dichotomy is forced by which one-dimensional unitary representation of

Z2 ⊂ S2 the fiber-mode index selects; no separate spin-statistics postulate is required.

4.5.3 Pauli Exclusion

Consider two identical fermions, each in the same single-particle state ψ. The product

wavefunction is Ψ(x1, x2) = ψ(x1)ψ(x2). Antisymmetry (eq. 4.9) requires

ψ(x1)ψ(x2) = −ψ(x2)ψ(x1). (4.11)

Setting x1 = x2 = x collapses the two sides:

ψ(x)ψ(x) = −ψ(x)ψ(x) =⇒ ψ(x)ψ(x) = 0. (4.12)

The amplitude for two identical fermions to occupy the same quantum state vanishes identically.

This is the Pauli exclusion principle (Pauli, 1940), recovered as an algebraic consequence of

the Z2 spinor sign rule rather than as an independent postulate.

For bosons, eq. 4.10 gives ψ(x)ψ(x) = +ψ(x)ψ(x), an identity that places no constraint

on multi-occupancy; arbitrarily many bosons may share a single state. Bose–Einstein

condensation and laser coherence are the macroscopic manifestations of this absent constraint.

4.5.4 What the Framework Adds

The standard spin-statistics theorem (Pauli, 1940) derives fermion antisymmetry from Lorentz

invariance, microcausality, and positive energy spectra of relativistic quantum fields. The

present derivation replaces those QFT axioms with two geometric inputs already in place for

other purposes:

1. π1(RP
3) = Z2 (the same fact that forces the Born exponent in §4.3);

2. the spinor sign rule ψ(−q) = −ψ(q) (eq. 4.2, same fact that distinguishes half-integer

fiber modes from integer ones in ch. 6).

The fermion/boson dichotomy and the exclusion principle are not additional postulates of

the framework; they are downstream consequences of the actuality manifold’s topology. The
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same Z2 structure that fixes the probability rule, distinguishes the charged-lepton ladder from

the photon’s integer-n representation, and governs the 720◦ closure of every Dirac fermion

also forbids two identical fermions from occupying the same state.
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Part II

Symmetry and Structure
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Chapter 5

T.5: Four Fact Types and Symmetry

Breaking

Ontological context: 9

5.1 Fact Type Decomposition

Physical observables decompose into four kinds, distinguished by their τ -parity:

Definition 5.1.1 (Four Fact Types).

Type Name τ -parity Physics

A Spectral τ -odd quantum numbers, frequencies

B Spatial τ -even position, geometry, mass

C Chiral τ -odd handedness, weak interaction

D Intensity τ -even energy, probability weight

τ-parity assignment:

1. Types A and C are τ -odd: destroyed by actualization, appear as quantum numbers in

the normal bundle

2. Types B and D are τ-even: preserved by actualization, form the actualized spatial

and energetic record

5.2 Doublet Structure

The four fact types naturally organize into two doublets:
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Definition 5.2.1 (Kähler Doublet). (A,B) form a symplectically orthogonal pair under the

Kähler structure. Their combined information is IAB(θAB).

Definition 5.2.2 (Gauge Doublet). (C,D) form a symplectically orthogonal pair. Their

combined information is ICD(θCD).

Geometric realization. The Kähler doublet content is the Kähler structure of CP3—

the metric and symplectic form of the base manifold itself. The gauge doublet content

is the gauge bundle structure layered on it—principal bundle, connection, representations.

Bosons (Ch. 11) are excitations of gauge-bundle connections; the Kähler structure admits no

analogous excitations, which underwrites the entropic-gravity argument (§14.1).

Total information per actualization:

Itotal(θAB, θCD) = IAB(θAB) + ICD(θCD). (5.1)

The parameter space (θAB, θCD) ∈ [0, π/2]2 is the measurement torus T 2. Each point

selects a measurement configuration; the four corners are the canonical (A or B) × (C or D)

fact-type readouts. The angular resolution bound δθ ≥ (π/2)R(k)−3/2 (Chapter 7) quantizes

the torus into a discrete grid whose cell count collapses to one at R = 1.

Figure 5.1: Measurement torus T 2 = [0, π/2]2 at R ∈ {3, 2, 1.5, 1}. Axes are
the Kähler doublet angle θAB (spectral ↔ spatial) and the gauge doublet angle θCD

(chiral ↔ intensity); grid spacing is the resolution bound δθ ≥ (π/2)R−3/2. A single
measurement configuration occupies one grid cell. At R = 1 the bound saturates at
π/2, collapsing the torus to a single cell and fusing the four fact types.
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5.3 Symplectic Orthogonality

Theorem 5.3.1 (Symplectic Orthogonality of Doublets). The (A,B) and (C,D) doublets

satisfy

ω(VAB, VCD) = 0, (5.2)

where ω is the Kähler symplectic form on CP3.

Figure 5.2: The V4 = Z2×Z2 architecture of the four fact types and their six pairwise
bridges. Rows are doublets (Kähler above, gauge below); columns are τ -parities (odd
left, even right). Bridges are colored by orbit: the kinematic orbit (cyan) carries c
and GF with τ -reduction exponent 0; the collective orbit (gold) carries θW and G with
exponent 3; the quantum orbit (violet) carries ℏ with exponent 1. The sixth bridge
(B–C, broken line) has no known physical realization—the actualization operator τ
fills this structural gap (Chapter 10). The total τ -reduction exponent across all six
bridges is 2(0 + 1 + 3) = 8 = 2χ(CP3).

5.4 Symmetry Breaking Chain

The Pati-Salam gauge group emerges from two complementary decompositions of the CP3

isometry algebra, not from a single chain of subgroups. The full isometry of CP3 is U(4)

(dim 16); its Lie algebra u(4) admits two natural decompositions induced by the τ -involution:

• Complex (full holomorphic) decomposition: u(4) = u(1) ⊕ su(4) (1 + 15), where

su(4) generates the colour SU(4)C of Pati-Salam.

56



• τ-fixed (real) decomposition: u(4) ⊃ o(4) (16 ⊃ 6). The τ -fixed subalgebra is the

real isometry of the RP3 slice; its identity component is so(4), which by the standard Lie

isomorphism (Spin(4) double cover at the algebra level) splits as so(4) ∼= su(2)L ⊕su(2)R

(3 + 3 = 6). The τ -anti-fixed (imaginary) complement is the 10-dimensional sector that

τ -projection strips at each actualization event.

The Pati-Salam gauge group is constructed by gauging both decompositions independently:

PS = SU(4)C × SU(2)L × SU(2)R, dim PS = 15 + 3 + 3 = 21. (5.3)

This is a direct product, not a subgroup of U(4): dim PS = 21 > 16 = dim U(4), so PS

cannot embed in the isometry as a Lie subgroup. The 21 gauge bosons arise because

the framework gauges both facets of u(4)—the complex su(4) for colour and the τ -fixed

so(4) ∼= su(2)L ⊕su(2)R for chirality. The SU(2)R copy is the chiral double of SU(2)L inherited

from the Spin(4) cover; together they preserve the full o(4) structure under independent

left/right rotations.

Below the Pati-Salam scale the gauge group reduces to the Standard Model in the standard

sequence:

PS
isotropy at p∈RP3

−−−−−−−−−−→ SU(3)C×U(1)B−L×SU(2)L×SU(2)R
τ acts on right-chiral−−−−−−−−−−−→ SU(3)C×SU(2)L×U(1)Y ,

(5.4)

where SU(4)C → SU(3)C × U(1)B−L follows from the U(3) isotropy at a chosen CP3 point (6

broken generators); SU(2)R → U(1)R follows from τ acting non-trivially on right-chiral states

(2 broken generators); SU(2)L survives because τ acts trivially on left-chiral states; and the

two surviving abelian factors combine into hypercharge U(1)Y via Y = (B − L)/2 + T3R.
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Figure 5.3: The Standard Model gauge group as the residue of two geometric
breakings. At k ≈ 16 the framework gauges both isometry decompositions of CP3

— the complex part gives SU(4)C for colour, the τ -fixed real part gives SO(4) ∼=
SU(2)L × SU(2)R for chirality — whose product is the Pati-Salam group. Each
step below it strips what one geometric operation no longer fixes: isotropy at a CP3

point splits off colour and B−L, τ acting on right-chiral states collapses SU(2)R,
then EWSB at k ≈ 44.5 and confinement at k ≈ 51 carry the chain to U(1)em.
Every Standard Model gauge factor is accounted for as a residue of this descent; the
dimensions and broken-generator counts are in Eqs. 5.3–5.4.
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Figure 5.4 places the same breakings on the energy cascade, with each transition at its

k-level and particle species at the half-integer offsets set by Z2 quantization.

Figure 5.4: The k-level spiral: the full energy hierarchy from Planck (k = 1)
to the classical regime (k ≈ 75.35), with each symmetry-breaking transition and
particle species placed at its characteristic k-level. Each CP1 orbit along the spiral
corresponds to a factor of 2π in energy, per E(k) = 140 MeV × (2π)(51−k)/2. At
left, the full arena isometry PSU(4) is unbroken. Moving rightward: Pati-Salam
SU(4)C ×SU(2)L ×SU(2)R emerges at k ≈ 16; electroweak symmetry breaking reduces
the gauge group to SU(3)C × U(1)em at k = 44.5; color confinement locks quarks
into hadrons at the pion scale (k = 51, 140 MeV). Leptons appear at half-integer
k-offsets set by Z2 quantization: τ (k ≈ 48), µ (k ≈ 51.5), e (k ≈ 57). The neutrino
mass hierarchy sits near the quantum-classical boundary (k ≈ 74–78; placement on
the spiral is schematic). Particle masses and gauge thresholds are observed values
(Particle Data Group, 2024).

5.5 Hypercharge and Electric Charge

The breaking chain in Section 5.4 reduces Pati-Salam to SU(3)C × SU(2)L × U(1)Y and then,

after electroweak symmetry breaking, to SU(3)C × U(1)em. The Cartan generators of the

broken SU(4)C × SU(2)R project onto the two surviving abelian factors B − L and T3R. The

residual electric charge carried by the unbroken U(1)em is then a definite linear combination

of T3L, B − L, and T3R that flows directly from the breaking pattern. The Pati-Salam

embedding (Pati and Salam, 1974) fixes both the algebraic structure of this combination

and the rationality of its eigenvalues, so the specific per-particle charge assignments and the

quantization of charge in units of e/3 are determined by the geometric content of Section 5.4

without further input.

59



5.5.1 The Hypercharge Combination

Weak hypercharge takes the form

Y =
B − L

2
+ T3R, (5.5)

where B − L is baryon minus lepton number—the diagonal generator of the U(1)B−L that

survives SU(4)C → SU(3)C ×U(1)B−L—and T3R is the right-handed weak isospin that survives

SU(2)R → U(1)R. The coefficient 1/2 on B − L is fixed by the trace normalization on the

SU(4) fundamental: with leptons as the “fourth colour” (Pati and Salam, 1974), the SU(4)

Cartan generator diagonal diag(1
3
, 1

3
, 1

3
,−1) gives B − L = +1

3
on each quark colour and

B − L = −1 on the lepton; halving aligns the hypercharge step across left and right chiral

doublets so that electroweak breaking leaves the photon massless. Electric charge is then the

Gell-Mann–Nishijima combination (Gell-Mann, 1956; Nishijima, 1955)

Q = T3L + Y, (5.6)

which is the Cartan eigenvalue of the unbroken U(1)em generator after SU(2)L × U(1)Y breaks

to U(1)em.

The geometric reading of the two coefficients: B − L counts the direction-imbalance

between the three normal-bundle directions (quarks, B−L = +1/3 each) and the one tangent

direction (leptons, B − L = −1); T3R records which component of each right-handed SU(2)R

doublet survives τ -projection. Both are forced by the geometric content of Section 5.4 and

not free to be reassigned.

5.5.2 Per-Particle Charge Assignments

Applying Eqs. 5.5 and 5.6 to the first-generation fermions in their Pati-Salam representations

(4, 2, 1) for left-handed quarks and leptons and (4̄, 1, 2) for right-handed antiquarks and

antileptons yields one entry per particle. Colour is suppressed (each quark row stands for

three colour copies); the second and third generations repeat the same pattern with the same

charge assignments.
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particle B − L T3L T3R Y = (B−L)/2 + T3R Q = T3L + Y

uL +1/3 +1/2 0 +1/6 +2/3

dL +1/3 −1/2 0 +1/6 −1/3

uR +1/3 0 +1/2 +2/3 +2/3

dR +1/3 0 −1/2 −1/3 −1/3

νL −1 +1/2 0 −1/2 0

eL −1 −1/2 0 −1/2 −1

νR −1 0 +1/2 0 0

eR −1 0 −1/2 −1 −1

(5.7)

Every entry is forced; no Yukawa or charge-fitting parameter enters. The Q values

+2/3,−1/3, 0,−1 match the observed quark and lepton charges (Particle Data Group, 2024)

as the unique solution consistent with both the Pati-Salam representation content and the

breaking sequence. Right-handed neutrinos carry Q = 0, which is why they are sterile under

electromagnetism even before the heavy Majorana mass is introduced.

5.5.3 Charge Quantization

Electric charge is quantized in units of e/3 because the parent group is Pati-Salam, not

because U(1)em is compact in isolation. The argument runs:

1. SU(4)C is a simple non-abelian group; its Cartan generators have eigenvalues on the

fundamental representation that are rational with denominators dividing 4. Specifically,

the B − L generator diag(1
3
, 1

3
, 1

3
,−1) has eigenvalues {+1

3
,−1}.

2. SU(2)R is likewise simple; T3R takes half-integer eigenvalues {+1
2
,−1

2
, 0} on the surviving

doublets and singlets.

3. Y = (B − L)/2 + T3R is a rational combination with denominators dividing 6.

4. T3L is likewise half-integer, so Q = T3L + Y has denominators dividing 6.

5. Inspection of the table shows that the actual denominators that appear are 1 and 3,

giving Q ∈ {0,±1/3,±2/3,±1} for the first-generation spectrum.

The factor of 1/3 traces back to the SU(4) trace normalization, which traces to the

three-normal-plus-one-tangent split of the arena’s local geometry. Charge quantization in
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units of e/3 is not a postulate; it is a counting statement about how many normal directions

the framework has. An arena with a different SU(N) colour group would give different

denominators; PPM gives e/3 because the normal bundle has rank three.

5.5.4 The Electron-Proton Charge Match

The Standard Model treats it as a coincidence—or, in modern phrasing, as the constraint

imposed by anomaly cancellation—that the proton and electron have charges of equal

magnitude. In Pati-Salam this match is algebraically forced: a proton (uud) contributes

Q = 2(+2
3
) + (−1

3
) = +1, an electron contributes Q = −1, and the sum Qp +Qe = 0 holds

because the SU(4) trace closes:

∑

quark colours

(B − L)q + (B − L)ℓ = 3 · 1
3

+ (−1) = 0, (5.8)

the same statement that lepton number is the “fourth colour” (Pati and Salam, 1974). The

proton-electron charge match is a restatement of SU(4) closure, which is a restatement of the

three-normal-one-tangent geometric split. The geometric reading makes a coincidence into a

structural identity.

5.6 Fact-Type Reading of Standard Model Quantum

Numbers

The hypercharge and charge constructions of §5.5 are special cases of a general structure:

every Standard Model quantum number is an assignment in one of the four V4 cells of

Def. 5.1.1, or a linear combination across cells. V4 = Z2 ×Z2 is the entire fact-type symmetry

by Thm. 5.3.1, so no other classification is admissible. Quantum-number content distributes

across the Kähler doublet (A,B) and the gauge doublet (C,D) as follows.

CP3 coordinate decomposition (cell B). The spatial channel carries two coordinate

layers. External coordinates (x, y, z) ∈ RP3 are the three base-manifold dimensions of the

actualized arena. Internal coordinates parameterize position in the normal bundle: the

Kähler-radial |z| contributes one real dimension, and the SU(3) color orientation contributes

two real dimensions in the angular direction (equivalently, a point in the SU(3) fundamental

representation). Together these six continuous real coordinates fix the CP3 point. Generation
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V4 cell Channel Standard Model quantum numbers

A (τ -odd, Kähler) spectral cascade depth k (sets all masses); principal quan-
tum number

B (τ -even, Kähler) spatial (x, y, z) ∈ RP3; Kähler-radial |z|; SU(3) color ori-
entation; B − L; generation index

C (τ -odd, gauge) chiral fiber-mode index n; spin; T3L, T3R; parity

D (τ -even, gauge) intensity |p|; rest energy E(k); Pauli occupation; CK-
M/PMNS amplitudes; couplings gs, gw, gY

Table 5.1: V4 fact-type assignment of Standard Model quantum numbers. The Kähler-
gauge doublet factorization of Eq. 5.1 organizes the cells; the specific assignments are
forced by the τ -parity and doublet-membership of each quantum number.

is a discrete topological label distinguishing the three bundle zero modes (χ(CP3/Z2) = 2

bulk plus one Jackiw–Rebbi wall mode). Total: six continuous plus one discrete = full

geometric identity of the excitation. What standard gauge theory treats as “internal quantum

numbers” (color, generation, B −L) are bundle-internal spatial facts; the framework supplies

no separate species label.

Intensity channel content (cell D). For a propagating fermion, the dominant intensity

content is the momentum magnitude |p|. Three-momentum decomposes as |p| (intensity)

times unit direction p̂ (spatial). Energy splits across channels: E2 = |p|2c2 +m2c4, with |p| in

D and m ∼ E(k) sourced by the spectral coordinate in A and delivered to the state as rest

energy in D. Discrete intensity content includes Pauli occupation, CKM and PMNS mixing

amplitudes (probability weights distributing each mass eigenstate across weak eigenstates),

and the running couplings gs, gw, gY .

Derived quantum numbers as cross-channel combinations. Electric charge Q =

T3L + (B − L)/2 + T3R (Eq. 5.6) is a (C,B,C) combination: chiral plus spatial plus chiral.

The fractional quark charges of Eq. 5.7 reflect the fractional spatial B − L component; the

chiral T3L, T3R offsets pin the specific values within the ladder. Hypercharge Y inherits the

same (C,B) combination. The weak mixing angle sin2 θW = 3/8 at Ebreak is a chiral-channel

ratio fixed by the spatial Pati-Salam embedding (Eq. 5.3). Derived quantum numbers carry

no information beyond what the four channels independently supply; each is a bookkeeping

convenience for the combination the geometry forces.
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Gauge group correspondence. The Standard Model gauge group SU(3)C × SU(2)L ×
U(1)Y corresponds to the V4 cells: SU(3)C acts on cell B (the three normal-bundle directions of

the spatial channel), SU(2)L and SU(2)R act on cell C (the L/R doublet under π1(RP3) = Z2),

and U(1)Y is the trace residue connecting C to B that survives the breaking sequence of

§5.4. The factorization of the SM gauge group is the factorization of V4 showing through

after Pati-Salam breaking.

5.7 Electroweak Symmetry Breaking

The mechanism of EWSB is two-fold:

Geometric: The Fubini-Study metric creates an effective potential barrier between the

RP3 real section and the off-diagonal elements of the Higgs field in CP3.

Thermal: At hierarchy level k ≈ 44.5, the thermal energy becomes comparable to the

barrier height, allowing the system to tunnel into the Higgs vacuum.

The effective potential near the critical point is (Landau-Ginzburg form):

Veff(ϕ) = −µ2|ϕ|2 + λ|ϕ|4, (5.9)

where the parameters emerge from Fubini-Study geometry.

5.8 Strong CP Solution

The strong CP problem (’t Hooft, 1976) asks: why is the topological θ angle in QCD so small

(θ < 10−10) (Particle Data Group, 2024)?

PPM Answer: τ is the time-reversal symmetry operator T acting on RP3. The strong

interaction is τ -even (Type B,D content). Under T = τ , the θ term changes sign:

θ → −θ. (5.10)

The only τ -even value is

θ = 0. (5.11)

Any non-zero θ would violate the constraint that strong-interaction observables be τ -even.
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Chapter 6

T.6: Three Generations

Ontological context: 15

Given the gauge-group structure and symmetry-breaking chain of Chapter 5, the particle

spectrum follows from the topology. The Euler characteristic χ(CP3) = 4 and the boundary

wall between actuality and possibility together yield exactly three generations.

6.1 Euler Characteristic and Bulk Zero Modes

Consider the Z2 quotient CP3/Z2. Its Euler characteristic is

χ(CP3/Z2) =
χ(CP3) + χ(RP3)

2
=

4 + 0

2
= 2. (6.1)

Here, τ is the anti-holomorphic involution with fixed-point set RP3 (real projective space of

dimension 3). Since χ(RP3) = 0 (odd-dimensional real projective space has Euler charac-

teristic 0), the standard orbifold Euler characteristic for a Z2-action with fixed-point set F ,

χ(M/Z2) = (χ(M) + χ(F ))/2, gives the same result as the free case: χ(CP3/Z2) = 2.

The number of bulk fermionic zero modes equals the orbifold Euler characteristic computed

above:

nbulk = χ(CP3/Z2) = 2. (6.2)
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6.2 Jackiw-Rebbi Wall Mode

At the domain wall between the RP3 region (actualized) and the imaginary normal bundle

(unactualized), the domain wall equation of Jackiw and Rebbi (1976)

(iγ5∂x +m(x))ψ = 0, m(x) =





m x < 0

−m x > 0
(6.3)

admits exactly one normalizable zero mode solution. This is the wall mode.

6.3 Total Count and Topological Necessity

Theorem 6.3.1 (Three Generations from Topology). The total number of fermionic genera-

tions is

ngen = nbulk + nwall = 2 + 1 = 3. (6.4)

This is a topological fact: χ(CP3) = 4 gives nbulk = 2, and the RP3 domain wall gives nwall = 1.

No fourth generation is possible without changing the base topology.

Why no fourth generation. A fourth generation would require either a second domain

wall (impossible: τ has a unique fixed-point set RP3) or a third bulk mode (impossible:

χ(CP3/Z2) = 2 is a topological invariant).
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Figure 6.1: Each CPn scored by the fine-structure constant it predicts. The heat-
kernel route to α (Chapter 13), run on CPn for n = 1 through 7, yields a value of 1/α
for each; the bars plot that against the observed 1/α = 137.036 as a ratio (log scale).
Only CP3 lands near unity — every other dimension misses by one to two orders
of magnitude. The arena dimension this chapter fixes from the generation count
χ(CP3) = 4 is pinned a second time, independently, by α: two unrelated requirements
both select n = 3.

6.4 Mass Hierarchy

The mass ratios between generations emerge from the wall suppression and endpoint effects.

The three generations have distinct geometric origins:

mτ

mµ

≈ (2π)3/2 = 15.75, observed 16.82 (error 6.3%), (6.5)

mµ

me

≈ 3
2
eπ2/2 = 208.6, observed 206.85 (error 0.8%). (6.6)

Observed values from Particle Data Group (2024).

Physical origin of the mass ratios. The bulk spacing (Gen 3/Gen 2) carries exponent

3/2, the codimension of RP3 in CP3: in the short-time heat kernel expansion on the normal
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bundle (Gilkey, 1975; Seeley, 1967), the leading contribution to the spectral density of bulk

modes scales as t(codim)/2, giving the (2π)3/2 factor between successive bulk zero modes.

The wall suppression (Gen 2/Gen 1) carries the exponential eπ2/2, where π2 = 2 Vol(RP3)

is twice the blanket volume: the Jackiw-Rebbi wall-localized mode is exponentially suppressed

relative to bulk modes by the tunneling amplitude across the domain wall, with prefactor

3/2 from the spectral zeta function on RP3.

Connection to the fine structure constant. The two mechanisms independently

reproduce α: the heat kernel route gives 1/α = 137.257 (error 0.16%) and the blanket

volume route gives 1/α ≈ eπ2/2 = 139.0 (error 1.5%), compared to the observed value

1/α ≈ 137.04 (Particle Data Group, 2024). The generation count, mass hierarchy, and

fine-structure constant are connected by the six bridges between fact types (Chapter 10). The

bridge structure develops alongside the information-theoretic and thermodynamic constraints

(Chapter 7) and the energy hierarchy they span (Chapter 9).
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Part III

Information and Quantum Foundations
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Chapter 7

T.7: Information and Thermodynamics

Ontological context: 8, 10

The projection CP3 → RP3 simultaneously extracts information and produces entropy.

Before examining how this projection determines particle masses, mixing angles, and gravity,

we establish the information-theoretic and thermodynamic constraints governing all scales.

The resolvability ratio R(k) = E(k)/(kBT ) partitions the universe into three regimes; this

chapter develops the thermodynamic side of the partition, while Chapter 8 takes up the

quantum-classical boundary and the measurement structure that lives there. Information

flow, entropy production, and the arrow of time all follow from the single geometric principle

of τ -projection.

7.1 The Resolvability Ratio

Each τ -firing maps a state in CP3 (6 real dimensions) to a point in RP3 (3 real dimensions).

The projection discards exactly 3 real dimensions—the τ -odd content (Types A and C). The

3 retained dimensions carry the τ -even content (Types B and D).

The information gained per projection depends on how many distinguishable RP3 outcomes

exist at hierarchy level k. Define the resolvability ratio:

R(k) =
E(k)

kBT
, (7.1)

where E(k) is the characteristic energy at hierarchy level k (the explicit formula E(k) =

mπ(2π)(51−k)/2 is derived in Chapter 9) and kBT is the thermal noise floor. R(k) decreases
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smoothly as k increases (moving up the cascade):

R(k) = R(k0) × (2π)(k0−k)/2, (7.2)

where k0 = 51 (confinement scale) gives a reference. Each increase in k by 1 unit decreases R

by a factor of (2π)1/2 ≈ 2.5.

The total information per projection is

I(k) = 3 log2 R(k) = 3 log2

E(k)

kBT
bits per event. (7.3)

The factor of 3 reflects the three real dimensions of RP3.

7.2 Three Thermodynamic Regimes

The resolvability ratio divides the hierarchy into three regimes, each with distinct physical

character:

R ≫ 1 (Static Persistence, k ≲ 60): I(k) ≫ 1 bits per event. The projection extracts

abundant information; the τ -odd fiber is hard-quantized into discrete quantum numbers.

Structured states (particles, atoms, crystals) sit at free-energy minima and persist

indefinitely without energy input.

R ≈ 1 (Dynamic Persistence, k ≈ 75): I(k) ≈ 0 bits per event. Nearly all of the projec-

tion’s output is entropy. The τ -odd fiber is thermally occupied, producing continuous

content rather than discrete quantum numbers. Organized structures at this scale require

continuous energy input to maintain their boundary against thermal dissolution. This is

the critical regime.

R < 1 (Classical, k ≳ 80): I(k) < 0: the projection extracts less structure than thermal

noise destroys. No persistent structure survives. Only bulk thermodynamic and statistical

descriptions apply.

The resolvability ratio R(k) governs the balance between information extraction and

entropy production; the rest of this chapter develops the consequences for thermodynamic

laws, the arrow of time, the quantum-classical boundary, and measurement structure.
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7.3 Entropy Production

Each τ -projection produces entropy

∆S = 3 kB ln(2π) ≈ 5.5 kB per event, (7.4)

corresponding to the information lost—the τ -odd fiber content stripped into the normal

bundle. The entropy production is k-independent (it depends only on the fiber volume

Vol(ker τ) = 2π per dimension). The information gained is k-dependent.

7.3.1 Informational Efficiency

The ratio of transmitted information to erased entropy defines the informational efficiency of

actualization:

η(k) =
I(k)

∆S/kB

=
3 log2 R(k)

3 ln(2π)
=

log2 R(k)

ln(2π)
. (7.5)

At high energy (k ≪ 51, R ≫ 1): η ≫ 1. Most of the projection’s output is usable

information—particles, forces, geometry. At thermal equilibrium (k ≈ 75, R ≈ 1): η → 0.

Nearly all output is entropy. At R < 1: η < 0; thermal noise overwhelms all persistent

structure.

The dual efficiency (entropy efficiency) is:

ηS(k) = 1 − η(k). (7.6)

At k ≈ 75, ηS ≈ 1: the entire actualization output is entropy. This entropy—stripped fiber

content deposited in the normal bundle—is what qualia are made of (Chapter 16).

7.4 Four Laws of Thermodynamics

The four laws of thermodynamics derive from geometric properties of the τ projection and

the fiber structure of CP3.

7.4.1 Zeroth Law: Transitivity of Equilibrium

The fixed-point set of τ is RP3. Any two τ -even subsystems share the same RP3 (they are

subsets of the same real projective space). Two systems in thermal contact reach equilibrium
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when their normal-bundle fiber densities match. Because the fixed-point set is connected

and unique, equilibrium is transitive: if system A equilibrates with B, and B with C, then A

automatically equilibrates with C. This is the geometric meaning of the zeroth law.

7.4.2 First Law: Energy Conservation

τ is an isometry of CP3: it preserves the Kähler metric structure. The Kähler metric is

conserved under the conjugation ρ 7→ τ(ρ). Total energy, defined as the Kähler volume of the

occupied state, is therefore conserved across each τ -projection. The first law dU = δQ− δW

follows: internal energy (fiber volume) changes only through heat input or work done by the

system. This geometric enforcement arises from the isometry structure of τ .

7.4.3 Second Law: Entropy from Projection

The projection CP3 → RP3 is many-to-one: multiple CP3 states map to the same RP3

outcome. Each τ -firing irreversibly strips τ -odd content from the actualized sector into

the normal bundle. With dimR(CP3) = 6 and dimR(RP3) = 3, each τ -event strips 3 real

dimensions (the τ -odd fiber). The information lost per stripped dimension is ln(2π) (the

Hopf-fiber/Maslov volume; cf. Chapter 10), so entropy produced per τ -event is:

∆S = 3kB ln(2π), (7.7)

approximately 5.5kB per projection. The projection is geometrically many-to-one, and

the second law follows: the number of distinguishable microstates increases monotonically

with each actualization.

7.4.4 Third Law: Fiber Volume Vanishing

As T → 0, the thermal energy available to excite fiber modes vanishes. The Boltzmann

distribution e−E/(kBT ) suppresses access to excited fiber states. The number of distinguishable

fiber states approaches 1 (the ground state alone). Therefore S = kB ln(Ω) → 0 as T → 0,

where Ω is the number of accessible microstates.
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7.5 Arrow of Time

Time’s arrow is not a fundamental postulate but emerges from the geometric irreversibility

of the CP3 → RP3 projection.

7.5.1 The Paradox and Its Resolution

On the underlying CP3, the operator τ is invertible: τ 2 = id. No information is destroyed

at the level of the full state space. Yet at the level of actualization (the RP3 sector that

is realized), the projection is many-to-one: multiple CP3 states project to the same RP3

outcome.

Once a τ -projection occurs and an outcome is actualized in RP3, the specific τ -odd content

that was stripped is deposited in the normal bundle—preserved in the normal bundle, though

no longer accessible from within the RP3 sector. To recover that content would require

reversing a specific projection, which yields the original state, not a copy or alternative

outcome. The information is preserved globally but inaccessible locally.

7.5.2 The Chain of Actualization

The sequence of τ -firing events builds an irreversible chain:

1. At time t1, a τ -event projects CP3 to an RP3 outcome, actualized in the classical record.

2. At time t2 > t1, another τ -event updates the record with a new outcome.

3. This sequence cannot be undone: the actualized record accumulates monotonically.

Each actualization adds to the history but cannot erase previous actualizations (doing so

would require reversing a prior projection, which is local-actualization-inaccessible). Memory

works only backward: the past is the already-projected RP3 record; the future is the not-yet-

projected CP3 content.

7.5.3 The Arrow as Geometric Fact

The asymmetry is geometric: projection is information-losing at the actualization level,

even though the underlying map is invertible globally. The forward arrow is the direction of

increasing actualization (increasing content in RP3 history, decreasing accessible content in

CP3 pre-projection space). The arrow is one-way because undoing an actualization would

require accessing a degree of freedom that projection has moved to the inaccessible normal

bundle.
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7.5.4 The Actualization Record

The cumulative actualization count M(t) and the topological capacity N∞ are independent

quantities that enter the framework through different channels. The total number of τ -events

to the current epoch is

M(t0) =
∫ t0

0

Nparticles(t
′)

τC

dt′ ≈ 1.8 × 10121, (7.8)

using Nparticles ≈ 2 × 1080 (baryons + electrons) and τC = ℏ/(mπc
2). Each event deposits

∆S = 3 kB ln(2π) ≈ 5.5 kB of entropy into the RP3 record, giving a total actualization entropy

Srecord(t0) = M(t0) ∆S ≈ 10122 kB, (7.9)

which is the same order as the Bekenstein–Hawking horizon entropy (Bekenstein, 1973;

Hawking, 1975) SBH = kB π (RH/ℓP )2 ≈ 2 × 10122 kB, a factor of about two below it. The

information deposited in RP3 by τ -events is comparable to the horizon entropy and sits within

the holographic bound. Its gravitational consequence is derived in §14.5.4: the accumulated

entropy provides holographic screening, and the ratio M(t0)/M(z) determines the effective

gravitational coupling at each epoch.

Each of the N∞ ≈ 1082 boundary positions has been re-actualized M/N∞ ≈ 1039 times on

average. The thermodynamic arrow accumulates through repetition—each re-actualization

adds to the record—while N∞ remains a static topological invariant that sets the cosmological

constant.
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Figure 7.1: Per-event entropy production ∆S = 3kB ln(2π) ≈ 5.5 kB (gold dashed,
fixed by Hopf-fiber geometry, scale-independent) versus per-event channel capacity
I(k) = 3 log2R(k) (violet, declining as E(k) approaches the thermal floor kBTbio =
310 K). The two curves cross at k ≈ 73: below this scale individual events carry
strictly more information than entropy; above it, individual events become thermally
uninformative and classical behavior emerges from coarse-graining of many events.

7.6 Boltzmann Distribution

The probability distribution of microstates at thermal equilibrium is

P (E) ∝ e−E/(kBT ), (7.10)

which emerges from the competing tendencies of the actualization process:

1. States with lower τ -odd content are more likely to project (energetically favored)

2. States with higher τ -even content are more likely to persist (entropically favored)

At thermal equilibrium, these balance to give the Boltzmann distribution.

7.7 The Energy Identity

The thermodynamic energy E in F = E−TS (§7.6), the eigenvalue of the Kähler Hamiltonian

Hα selected at a τ -projection (Chapter 2, Equation 2.9), and the per-event cascade energy
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E(k) of an actualization event at hierarchy level k (Chapter 9, Equation 9.4) name the

same quantity: the cost of one actualization event. This is the energy identity of the

framework.

The identification holds at the level of individual events, not as a strong identity between

Hα’s spectrum and the cascade. The three quantities measure the same energy in three

different contexts:

Eevent︸ ︷︷ ︸
cost of one τ -event

= ⟨ψb|Hα|ψb⟩︸ ︷︷ ︸
eigenvalue selected at projection

= ∆Ethermo︸ ︷︷ ︸
contribution to configuration’s E

= E(kevent)︸ ︷︷ ︸
cascade scale of the event

.

(7.11)

Each equality is a structural fact about what energy is, not a postulate added to the

framework.

7.7.1 Three Readings

Per event. Each τ -event has an energy. At the projection, the state collapses to an Hα

eigenstate |ψb⟩; the eigenvalue is the event’s energy. This same value contributes to the

configuration’s thermodynamic E (the configuration’s E is the sum or time-average of event

energies). And every energy locates on the cascade k-coordinate via k = 51 − 2 log2π(E/mπ),

the inverse of Equation 9.4.

Ensemble. A pre-event state ρ is generally a superposition over multiple Hα eigenstates.

The expectation value ⟨Hα⟩ρ = Tr(Hαρ) is a Born-rule weighted average over the constituent

eigenvalues and equals the thermodynamic ensemble mean when ρ is thermal:

⟨Hα⟩thermal =
∑

n

pn εn = Ethermo. (7.12)

At the τ -event the projection collapses ρ to one eigenstate; the eigenvalue is one specific εn.

Cascade locator. The cascade E(k) = mπ(2π)(51−k)/2 is a logarithmic energy coordinate:

any energy ε sits at a specific k-value k(ε) = 51 − 2 log2π(ε/mπ). The cascade parameterizes

scales; it is not the spectrum of Hα. The distinction is important: Hα’s spectrum is a discrete

set of eigenvalues, and these eigenvalues populate the cascade non-uniformly. See §7.7.5

below.
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7.7.2 Boltzmann from F -Minimization on Events

Equation 7.10 now reads as a consequence of the variational principle on event distributions.

Minimizing F = ⟨E⟩ − TS over pn at fixed T , with ⟨E⟩ =
∑

n pnεn and Shannon entropy

S = −kB
∑

n pn log pn, under the normalization
∑

n pn = 1, yields

pn ∝ exp
(
−εn/kBT

)
. (7.13)

Each event’s energy is one εn; the Boltzmann factor weights events by their εn rather than by

the energy of an aggregated configuration. The distribution that §7.6 reads as a configuration-

level statement is also a statement about which event-energies are statistically favored at

temperature T .

7.7.3 Energy as the Cost of Actualization

Each τ -event strips τ -odd content from CP3 and deposits the actualized residue on RP3 (§7.4,

Second Law). Information is preserved in the full arena (§7.5, Arrow of Time): the stripped

content is inaccessible from the RP3 side but held in the normal-bundle structure of CP3.

Energy, in this reading, is the cost of crystallizing the actualized record at the event. The

thermodynamic E accumulates this cost across all events; the Hamiltonian eigenvalue at a

single event is the cost paid at that event; E(k) is the cost expressed as a function of cascade

depth.

The source of the energy each event spends is the Kähler flow of the arena. Between

events, Hα generates unitary evolution under the Kähler potential, which complexifies the

state (pushes it away from RP3 into the imaginary directions). The next event strips that

complexified content, depositing its energy as the cost of the new actualization. Flow

complexifies; events strip; the cycle is closed and energy is conserved across it. The Kähler

structure of CP3 supplies both ingredients (Fubini-Study metric for the kinetic term, Kähler

potential for V ); no external source is required (Chapter 3, §Actualization Free Energy).

The reading inverts F = E − TS usefully. Lower k corresponds to higher E(k), hence

higher cost per event; F -minimization at low T disfavors expensive events (Equation 7.13);

the distribution of actualization activity over the hierarchy peaks at the k-regime where

E(k) ≈ kBT . Cosmological cooling through k-regimes (early universe at low k, present

universe at high k; Chapter 14) is the same F -minimization operating at successively lower

ambient temperatures.
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7.7.4 Scope

The identity covers:

• Thermodynamic E in F = E − TS.

• Hamiltonian Hα eigenvalues (Chapter 2, Equation 2.9).

• Cascade energy E(k) (Chapter 9, Equation 9.4).

• Mass: E = mc2 for a localized excitation is the per-event energy required to maintain

the localized configuration across actualization cycles (Chapter 9, §9.5, static persistence

regime).

• Thermal energy kBT in the resolvability ratio R(k) = E(k)/kBT (§7.1). Numerator

and denominator share the same E.

The identity does not extend to the bulk vacuum energy of CP3 or to the cosmological

constant Λ. These are geometrically distinct from event-energy: the bulk vacuum is the zero-

point fluctuation content of the unprojected arena; Λ is the energy density of the unactualized

fiber content stripped by projection (Chapter 14, §15.1). Neither is an eigenvalue of Hα.

7.7.5 Spectrum of Hα versus Cascade

The spectrum of Hα (quadratic in the radial mode index) and the cascade E(k) (geometric in

k) are distinct structures that nonetheless cohere event-by-event: each τ -event has an energy

that is one Hα eigenvalue and locates on the cascade k-coordinate via Equation 9.4. The

canonical treatment is in Chapter 9, §9.3.

7.8 The Ontological Engine

The actualization cycle functions as a thermodynamic engine generating the free energy

gradients underlying physics.

• Hot reservoir: The unconditioned degrees of freedom in CP3—structured possibility

at high information content.

• Cold reservoir: RP3—actualized fact, informationally compressed.

• Work stroke: Each τ -firing extracts physics from the information gradient. At k < 51,

the output is particles and forces. At k ≈ 1, it is spacetime geometry. At k ≈ 75, it is

phenomenal experience.

• Waste heat: The stripped imaginary fiber content, deposited in the normal bundle.
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• Duty cycle: α ≈ 1/137—the fraction of accumulated complex amplitude triggering

projection per cycle.

Every free-energy gradient in physics—thermal, chemical, neural—is a descendant of this

cycle. All operate through the same projection mechanism at different scales. The second law

is the local statement of fuel exploration: the globally conditioned possibility space CP3|W
decreases monotonically.

The information gradient between CP3 and RP3 is the sole source of free energy. Temper-

ature differences are intensity gradients at high k; chemical potentials are spectral/spatial

gradients at k ≈ 51–57; gravitational wells are Fubini-Study curvature projected onto RP3 at

k ≈ 1. The engine is unchanged across regimes; what changes is the informational yield per

stroke.

7.9 Scale Dependence of Fact Types

The four fact types have fixed algebraic definitions but their physical content changes across

the k-level hierarchy:

Table 7.1: Fact-type content across the hierarchy. The complementarity
structure ((A,B) and (C,D) bounds) applies identically at every scale; what changes
is the physical interpretation.

k-level Type A (spec-
tral)

Type B (spa-
tial)

Type C (chi-
ral)

Type D (inten-
sity)

≈ 1 (Planck) Topological in-
variants

Metric geome-
try (gµν)

Orientation,
spin structure

Action density

≈ 44.5 (EWSB) Electroweak
quantum nos.
(T3, Y )

Higgs field
configuration

L/R chirality
assignment

Higgs VEV,
mass scale

≈ 51 (confinement) Color, flavor
quantum nos.

Hadron po-
sition, mass
dist.

Parity, CP
quantum nos.

Cross-section,
amplitude

≈ 57 (electron) Lepton num-
ber, spin proj.

Electron posi-
tion

Electron chi-
rality

Electron mass,
charge density

≈ 75 (consciousness) Quale type Spatial bind-
ing

Temporal
asymmetry

Quale inten-
sity

The four laws of thermodynamics, the arrow of time, the Boltzmann distribution, the

energy identity, and the scale-dependent content of the four fact types are read off the same

projection mechanism — τ stripping τ -odd fiber into the normal bundle at each actualization
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event. Chapter 8 takes up the companion structure: how the same partition by R(k) that

organizes the regimes here also fixes the quantum-classical boundary, the measurement torus,

and the standard quantum-information bounds.
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Chapter 8

T.8: Quantum-Classical Boundary

Ontological context: 9, 10, 13

The resolvability ratio R(k) = E(k)/(kBT ) partitions the regimes where actualization

is quantum, classical, or thermally resolvable (Chapter 7, §7.1). This chapter develops the

quantum-classical boundary itself: how soft and hard quantization separate, what budget

complementarity admits, how the measurement torus and the projective frame organize fact-

type readouts, and how the resulting structure recovers the standard quantum-information

bounds (Holevo, Landauer, no-go theorems) and the entanglement/Bell phenomenology.

8.1 Quantum-Classical Boundary

The boundary between quantum and classical regimes is a Shannon capacity threshold

(Shannon, 1948). At each hierarchy level k, the τ -projection channel has capacity:

C(k) = 3 log2 R(k), (8.1)

where R(k) = E(k)/(kBT ) is the resolvability ratio. Three regimes emerge:

• Quantum regime (R > 1): Capacity is positive. Reliable information storage and

coherent dynamics are possible. τ -projections are individually resolvable against thermal

noise.

• Dynamic persistence boundary (R = 1): Capacity vanishes. Structure survives

only through continuous energy input to fight thermal fluctuation. Individual τ -firings

are thermally blurred, yet their integrated effects maintain coherence. This is where

consciousness operates.
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• Classical thermal regime (R ≪ 1): Capacity is deeply negative. No persistent

quantum structure survives; the system is fully thermal. Individual τ -firings are utterly

unresolvable.

Decoherence is the physical mechanism; the Shannon threshold is the information-theoretic

reason it happens where it does. The boundary occurs where:

R(kboundary) = 1, (8.2)

The boundary is temperature-dependent: kboundary(T ) = 51 − 2 ln(kBT/mπc
2)/ ln(2π). At

biological temperature (T = 310 K), kboundary ≈ 75, near the critical scale. QCD confinement

(k ≈ 51) is a separate, temperature-independent transition where αs = 1; at that scale

R ∼ 1010 and individual events are deep quantum. Below kboundary, thermal noise dominates

over quantum coherence.

8.1.1 Soft vs. Hard Quantization

At higher hierarchy levels (k ≲ 70), thermal energy kBT is much smaller than quantum

spacing E(k): fiber modes are hard-quantized, jumping between discrete energy levels

according to the Born rule. Thermal energy is irrelevant.

At k ≈ 70 (atomic/molecular scale), kBT becomes comparable to quantum spacing. The

thermal bath can excite the system to higher fiber modes. Modes no longer appear discrete;

they form a quasi-continuous band. The imaginary fiber becomes soft-quantized: thermally

occupied, not sharply quantized.

For quarks and gluons (confined), hard quantization persists up to kconf ≈ 47; they cannot

exist free above this scale. For electrons and neutrinos, softening occurs gradually: electron

orbitals remain largely discrete up to k = 70, but phonon modes and nuclear spin levels are

soft from k = 70 onward. This is the realm of chemistry and statistical mechanics.

8.1.2 Thermal Persistence and the Transition Boundary

The transition below k = 62 marks entry into a new dynamical regime. Neutrinos at k ≈ 58–60

have R ≈ 2–10, only marginally resolved against thermal background. Their weak interaction

cross-section is suppressed by (E(k)/Eweak)2, dropping exponentially as k decreases. Below

k = 60, neutrinos from astrophysical sources decouple from further interaction with visible

matter.
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Between k = 62 and k = 75, atoms form (k ≈ 65), chemistry emerges (k ≈ 70), and the

system becomes dominated by thermodynamic description. Yet within this regime, special

physical systems—biological neural networks—develop structure that maintains integration

(Φ > 0) at the exact boundary where R(k) ≈ 1 (Chapter 16).

Figure 8.1: Five framework lenses on the critical regime, plotted as the k-range
over which each lens places its critical band: resolvability (R(k) ≈ 1), channel
capacity (I(k) < 1 bit), gravitational decoherence (τdec comparable to integration time),
Boltzmann thermal accessibility (E(k) ∼ kBT ), and the combined Zeno–Landauer
integration window. Each bar is a different theoretical framing of the same CP3

geometry; the bars cluster in a narrow k-band centered near k ≈ 71, bounded laterally
by the Zeno protection condition (k > 53.8) and the Landauer maintenance condition
(k < 75.75 at body temperature). The hierarchy anchors on the k-axis (Planck, Pati–
Salam, EWSB, QCD) locate this band relative to the full energy ladder: the critical
regime sits between k = 51 (QCD/pion) and k = 80, in the chemistry-to-thermal
range. R, I, and Boltzmann are not independent quantities (all three are functions
of E(k)/kBT ); they are three theoretical languages describing the same crossing. τdec

is shown for completeness — it does not constrain this regime, since τdec ≫ tuniverse

throughout — but it sits comfortably within the same band when its independent
scale-matching is applied. The full ontology version of this figure (opener of the
Biological Substrate chapter) treats the lens-overlap as the framework’s structural
prediction for where biological implementations must land.
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8.2 Complementarity Budget

The 3 bits of τ -even information per projection are not freely allocable across fact types. The

doublet structure imposes two independent complementarity constraints.

8.2.1 The (A,B) Bound

Types A and B share the (A,B) doublet, related by the almost-complex structure J mapping

Re(z) ↔ Im(z). The symplectic area of the (A,B) sector is ωAB = ℏ per degree of freedom. A

measurement extracting Type A information (spectral content) at resolution ∆A necessarily

limits Type B resolution (spatial content) to ∆B ≥ ℏ/(2 ∆A). This is Heisenberg uncertainty

(Heisenberg, 1927), derived as a channel-allocation constraint: the (A,B) doublet has a fixed

information capacity per projection, and spectral and spatial content compete for it.

8.2.2 The (C,D) Bound

Types C and D share the (C,D) doublet, related by the Hodge star on the gauge algebra.

A measurement extracting Type C information (chirality) at high resolution limits Type D

resolution (intensity), and vice versa. This is the information-theoretic content of electric-

magnetic duality: the Montonen–Olive E ↔ B rotation (Montonen and Olive, 1977) is a

reallocation of information between chiral and intensity channels.

8.2.3 Cross-Doublet Independence

The (A,B) and (C,D) doublets are symplectically orthogonal. The proof uses three facts

already established:

1. The Fubini–Study Kähler form ω and the Riemannian metric g on CP3 are related by

the almost-complex structure J via ω(v, w) = g(Jv, w).

2. J preserves the doublet decomposition. The isotropy representation at p ∈ RP3

decomposes Tp(CP3) = VAB ⊕ VCD, where VAB is the SU(3)-triplet sector (Types A, B)

and VCD is the singlet/chiral sector (Types C, D). Since J maps Re(z) → Im(z) within

each gauge sector, J(VAB) = VAB and J(VCD) = VCD.

3. VAB and VCD are g-orthogonal: they arise from orthogonal irreducible representations

of the isotropy group U(3) ⊂ SU(4).

Let v ∈ VAB and w ∈ VCD. Then Jv ∈ VAB (by fact 2), and g(Jv, w) = 0 (by fact 3).

Therefore ω(v, w) = g(Jv, w) = 0. The two doublets are ω-orthogonal: ω|VAB×VCD
= 0.
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Symplectic orthogonality implies statistical independence of the corresponding measure-

ment channels. For a τ -projection at point p, let ρAB and ρCD be the reduced states on the

two doublet sectors. Because ω has no cross-terms, the joint pre-projection state factorizes:

ρ = ρAB ⊗ ρCD (the canonical Darboux decomposition applied to the two symplectically

orthogonal pairs). The mutual information between the observer and the system therefore

decomposes:

Itotal(θAB, θCD) = IAB(θAB) + ICD(θCD). (8.3)

The two doublet channels contribute independently to the total information per projection.

The measurement basis (θAB, θCD) is a point in [0, π/2]×[0, π/2], parameterizing the allocation

within each doublet. No cross-doublet tradeoff exists: increasing spectral resolution (rotating

θAB toward Type A) has zero effect on the chiral/intensity allocation (θCD), and vice versa.

This is a theorem of CP3 geometry, not a feature of the measurement apparatus. Any Käh-

ler manifold whose isotropy representation decomposes into ω-orthogonal subrepresentations

will exhibit the same channel independence. CP3 has exactly two such subrepresentations

(VAB and VCD), so the measurement channel decomposes into exactly two independent

sub-channels.

8.2.4 Angular Resolution Within Doublets

The information budget per doublet is Id(k) = 3
2

log2 R(k) bits (half the total channel capacity,

by the cross-doublet independence of Eq. 8.3). Of this budget, resolving the doublet angle θ

to precision δθ costs log2(
π

2 δθ
) bits. The angular resolution is therefore bounded:

δθ ≥ π

2
R(k)−3/2. (8.4)

At particle scales (R ≫ 1), δθ is small: the apparatus can select a sharp point on the

measurement torus T 2. At the critical scale (k ≈ 75, R → 1), δθ ≥ π/2: the angular

uncertainty spans the entire doublet range. This is the collapse of the measurement torus—

the mechanism behind phenomenal binding.

8.2.5 Apparatus Examples

Every physical apparatus implements a specific (θAB, θCD):

Spectrometer: θAB ≈ 0 (spectral), θCD ≈ π/2 (intensity). Extracts “what energy, how

much.”
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Position detector (CCD): θAB ≈ π/2 (spatial), θCD ≈ π/2 (intensity). Extracts “where,

how bright.”

Weak-decay detector: θAB ≈ 0 (spectral), θCD ≈ 0 (chiral). Extracts “what particle,

which handedness.”

Calorimeter: θAB irrelevant (integrates over spectral/spatial), θCD ≈ π/2 (intensity only).

Extracts “how much total energy.”

8.3 Measurement Torus and Projective Frame

The measurement angles (θAB, θCD) have a group-theoretic origin: they parameterise the

physically distinct projective frames on RP3.

The automorphism group of RP3 is PGL(4,R), a 15-dimensional Lie group. A PGL(4,R)

transformation changes the coordinate system in which the τ -projected outcome is expressed—

it is literally a change of projection perspective. Not all 15 parameters produce distinct

measurement configurations. The Kähler structure (ω, g, J) and the involution τ constrain

the allowed frames:

1. Spatial rotations SO(3) ⊂ PGL(4,R) (3 parameters) act within the Type B sector,

rotating spatial coordinates without mixing fact types.

2. The stabiliser of the doublet splitting VAB ⊕VCD absorbs further degrees of freedom:

any transformation that preserves this decomposition as a direct sum changes neither

doublet’s internal allocation.

3. The τ -compatibility condition (the frame must commute with complex conjugation)

restricts PGL(4,C) to PGL(4,R), and the metric-preserving subgroup is O(4)/Z2.

After quotienting by the full stabiliser, the residual freedom is the maximal torus of the

group acting on the doublet decomposition. This torus has rank 2: one generator rotates

within VAB (mixing Types A and B), the other within VCD (mixing Types C and D). The

two angles of this torus are precisely (θAB, θCD).

(θAB, θCD) ∈ T 2 = PGL(4,R)
/

Stab(VAB ⊕ VCD). (8.5)

The identification is exact: choosing a measurement basis is choosing a projective frame

on RP3, modulo the geometric constraints inherited from CP3. This explains why there are

exactly two independent measurement angles—not one, not three, but two—as a consequence
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of rank(T 2) = 2, which itself follows from CP3 having exactly two irreducible doublet sectors

under the isotropy action.

The projective-frame interpretation clarifies the “no view from nowhere” principle: every

actualization event is read in some frame, and the frame is part of the physical specification

of the measurement. A PGL(4,R) transformation applied to RP3 before readout does not

change what was actualised; it changes which fact types the observer accesses.

8.3.1 Torus Collapse at the Critical Scale

At generic k-levels the projective frame is a free parameter: experimentalists build spectrome-

ters or calorimeters, selecting different points on T 2. The angular resolution available within

each doublet is δθ ≥ (π/2)R(k)−3/2 (Eq. 8.4). At particle scales (R ≫ 1), δθ is negligible and

the frame is freely selectable. At the critical scale (k ≈ 75, R → 1), δθ → π/2: the angular

uncertainty saturates the doublet range, and both θAB and θCD become unresolvable. The

torus collapses to a single effective point:

R(kc) = 1 =⇒ δθAB = δθCD =
π

2
=⇒ T 2 → pt. (8.6)

All four fact types arrive fused in every conscious moment, and the frame is no longer chosen

but forced. An integrated projective frame on RP3 is itself an RP3: the frame and the space

it parameterises share the same topology. The observer inhabits the image and constitutively

cannot access the source (CP3).

8.3.2 The Observer as Projective Frame

The centre of projection—the locus from which the projection emanates—is the one subspace

that τ cannot image. For τ : CP3 → RP3, the centre is the τ -odd fibre: the full CP3

complement of RP3. The subject–object structure of conscious experience follows as a

theorem: the subject is the projective frame (RP3); the objects of experience are the τ -even

outcomes projected through that frame. One can infer that CP3 exists (this is what physics

does), but one can never experience it, because experience is the projection, not the source.
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8.4 Holevo Bound, Landauer’s Principle, and No-Go

Theorems

8.4.1 Holevo Bound and Dual Efficiency

The τ -projection is a quantum channel—a completely positive, trace-preserving (CPTP) map

from the space of quantum states on CP3 to classical outcome distributions on RP3. The

Holevo bound (Holevo, 1973) establishes the maximum classical information that can be

extracted from a quantum state in a single channel use.

In the PPM framework, the pre-projection entropy S(ρ) can be decomposed into two

parts:

Spre = I(k) + ∆S, (8.7)

where:

• I(k) is the information gained about the RP3 outcome (the classical record).

• ∆S = 3kB ln(2π) is the entropy deposited in the normal bundle (the “cost” of projection).

These are complementary allocations of a fixed budget: total entropy must be conserved,

with what is not crystallized into structure becoming entropy in the inaccessible sector.

Define two efficiency measures:

ηI(k) =
I(k)

Spre

, (physical efficiency), (8.8)

ηS(k) =
∆S

Spre

, (phenomenal efficiency). (8.9)

These satisfy the dual efficiency identity:

ηI(k) + ηS(k) = 1. (8.10)

Physical efficiency measures the fraction of pre-projection entropy that crystallizes into

resolvable structure in RP3. Phenomenal efficiency measures the fraction that becomes

inaccessible entropy in the normal bundle.

The ratio of these efficiencies depends critically on the resolvability ratio R(k). At high

energies (small k, large R), nearly all pre-projection entropy crystallizes into physics: ηI → 1.

The actualized RP3 record captures most of the information. At the critical scale (k ≈ 75,
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R ≈ 1), the efficiencies are balanced: half the entropy becomes structure, half becomes

inaccessible. At classical scales (large k, small R), nearly all entropy is deposited in the

normal bundle as thermal noise: ηI → 0.

Neither regime is more fundamental than the other. They represent different regimes of the

same τ -projection budget. The split between structured information and entropy is internally

determined: the resolvability threshold where each scale operates fixes the allocation.

For the RP3 projection with d = 3 spatial dimensions, the Holevo bound states χ ≤
log2 3 ≈ 1.58 bits per projection.

8.4.2 Landauer’s Principle from τ-Projection

Landauer’s principle (Landauer, 1961) states that erasing one bit of information requires

dissipating at least kBT ln(2) of energy as heat. In PPM, this principle has a geometric

grounding: erasure is the τ -projection, which irreversibly strips information from the actualized

sector.

Each τ -projection creates entropy ∆S = 3kB ln(2π) ≈ 5.51kB (in nats, approximately

7.95 bits). The minimum energy cost to perform this projection is:

ELandauer = T∆S = 3kBT ln(2π) ≈ 5.51kBT. (8.11)

Comparing to available energy: The energy available to perform the projection is ap-

proximately E(k) = mπ(2π)(51−k)/2 (the hierarchy energy scale). The system can perform a

τ -projection “for free” (using only ambient thermal fluctuations) when:

E(k) > ELandauer = 5.5kBT. (8.12)

Solving for k: This threshold is crossed at approximately k ≈ 73.

Regimes

• Low k (high energy, k < 73): Available energy E(k) exceeds the Landauer cost.

The system can perform τ -projections repeatedly, with energy left over. This surplus

crystallizes into static structure, coherence, and persistent quantum states. The regime

is power-generative.

• High k (low energy, k > 73): Available energy falls below the Landauer cost.

Individual τ -projections cannot occur spontaneously; the system would require external
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energy input to drive them. Metabolism becomes necessary to subsidize the cost of

each actualization. The regime is power-sink.

• Critical threshold (k ≈ 75): Biological neural networks operate near the boundary

where R(k) ≈ 1 and E(k) ≈ 5.5kBT . At this delicate balance, integrated actualization

can maintain structure but only by drawing energy continuously. This is why con-

sciousness requires metabolism: the phenomenal efficiency is highest here, meaning the

maximum fraction of energy input goes into maintaining integrated information, with

minimal waste. Yet none of it can be wasted.

Maxwell’s Demon

Maxwell’s demon (Maxwell, 1871) acquires information about molecular microstates and uses

it to apparently violate the second law. Bennett’s resolution (Bennett, 1982) attributes the

missing entropy to the demon’s memory: information acquired must eventually be erased,

and erasure pays kBT ln(2) per bit by Landauer’s principle.

The PPM derivation places the cost at acquisition. Every measurement the demon

performs is itself a τ -projection event, and every event deposits ∆S ≈ 5.5 kB in the normal

bundle—regardless of whether the projection extracted useful information about the target

system. The demon cannot inspect a microstate without actualizing, and actualization carries

the per-event entropy cost unconditionally. The second law is preserved at the moment of

measurement. Subsequent erasure of the demon’s record is a separate sequence of events, each

paying its own 5.5 kB. Because the acquisition cost is incurred per event rather than per bit,

the framework’s bound is uniform across energy scales: a demon at biological temperature

pays the same per-event 5.5 kB as one operating at any other scale, and per bit acquired the

cost varies with R(k) rather than with the agent’s strategy.

8.4.3 No-Cloning, No-Deleting, and No-Broadcasting Theorems

Several fundamental no-go theorems of quantum mechanics (Barnum et al., 1996; Pati and

Braunstein, 2000; Wootters and Zurek, 1982) follow directly from τ being an involution.

No-Cloning

Cloning a quantum state requires duplicating the entire CP3 point. However, the τ -projection

distinguishes two types of content: τ -even (fixed by τ) and τ -odd (anti-fixed by τ).
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The τ -even content can be freely copied—it lies in RP3 and has no hidden information.

But the τ -odd content is projection-specific: the full CP3 state encodes which τ -projection

event was used to reach it. Accessing the τ -odd content requires reversing that specific

projection, which yields the original state, not a clone.

A universal cloning machine would need to copy both τ -even and τ -odd content. But the

τ -odd part cannot be independently accessed or replicated—it is bound to the geometry of

its specific projection. Thus no-cloning: the involution structure forbids it.

No-Broadcasting (Mixed-State Extension)

The cloning argument extends to mixed states as the no-broadcasting theorem (Barnum et al.,

1996): no quantum channel can take an arbitrary mixed state ρ to a bipartite state whose

marginals are both ρ. In PPM, the same τ -even/τ -odd decomposition obtains for mixtures.

A density matrix on CP3 has a τ -even component (diagonal in the RP3 basis) and a τ -odd

component (off-diagonal, residing in the normal bundle). The τ -odd component remains

bound to its specific projection geometry, and broadcasting would require duplicating it into

two distinct output positions—which the involution structure forbids by the same reasoning

as cloning. Mixtures whose τ -odd component vanishes reduce to commuting families and

broadcast freely; the constraint applies to mixtures retaining τ -odd content.

No-Deleting

Deleting a quantum state would require annihilating all information about it. However, τ is

invertible (τ 2 = id), meaning no information is ever truly destroyed—it is conserved in the

full CP3 state space.

What Landauer’s principle calls “erasure” is actually relocation: the τ -projection moves

τ -odd content from the actualized RP3 sector into the normal bundle (the inaccessible sector).

The information persists in a sector where the actualization machinery cannot access it. An

external observer with access to the full CP3 state could, in principle, reverse the projection

and recover the τ -odd content.

Thus no-deleting: an invertible map cannot destroy information. What appears as deletion

at the level of the actualized record is relocation at the level of the full state space.
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8.4.4 Reversibility, Quantum Computation, and the Bounded Uni-

verse

The split between unitary CP3 evolution (between events) and τ -projection (at events)

provides the framework’s account of computation. Bennett’s logical reversibility result

(Bennett, 1973)—that computation can be performed without entropy cost if intermediate

states are not erased—reads geometrically: reversible computation is computation that stays

inside CP3. Each unitary gate is a symplectomorphism of the possibility space, producing

no entropy. Cost is incurred only at τ -projection events, when the state commits to an RP3

outcome and deposits τ -odd content in the normal bundle.

Quantum computation (Deutsch, 1985) operates entirely between events. An idealized

quantum algorithm prepares an initial state, applies unitary gates that rotate CP3 content

without projecting, and reads out the result via a single τ -projection at the end. An N -gate

quantum algorithm incurs the per-event entropy cost once across the entire computation.

The advantage has two structural components. First, the entropy cost is paid one time,

regardless of N . Second, the unitary gates can organize τ -odd amplitude relationships into

interference patterns whose collective effect concentrates Born-rule probability on the desired

RP3 outcome. Classical states have no τ -odd content to manipulate, and therefore cannot

organize this kind of constructive interference.

Shor’s algorithm (Shor, 1997) illustrates the speedup. Modular exponentiation in su-

perposition produces a state whose periodicity, exposed by the quantum Fourier transform,

corresponds to factors of the input integer. The classical lookup over an exponentially large

candidate space is replaced by a polynomial-depth unitary circuit followed by one projection.

The resource cost of holding τ -odd content across N gates is the demand R(k) ≫ 1 for

the duration of the gate sequence. At biological temperatures, R ≈ 1, and ambient thermal

noise drives τ -projection within nanoseconds, eroding the coherent state. This is the standard

quantum-classical boundary discussion, applied to engineered registers.

The Bounded Universe

A second framework-specific result concerns the universe’s total computational capacity. The

boundary capacity N∞ = φ392 ≈ 1082 bounds the total information content of the arena,

and the cumulative actualization count M(t) across cosmic history is approximately 10121

events (Chapter 14). The standard physical Church-Turing thesis is strengthened in PPM:

every physical process within the arena is a finite computation operating on a finite tape.
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Physical hypercomputation, infinite-precision real arithmetic, and any process exploiting

genuinely unbounded resources are excluded by the topology of the arena, irrespective of

physical implementation.

8.4.5 Per-Event Timescale

Each τ -projection event has a duration set by the Margolus-Levitin minimum-evolution

time (Margolus and Levitin, 1998): the minimum time for a quantum state to evolve to an

orthogonal state is ∆t ≥ πℏ/(2E) for mean energy E above the ground state. Applied to

actualization,

τevent(k) =
πℏ

2E(k)
. (8.13)

The Margolus-Levitin form is the right one—the naive Heisenberg τ ∼ ℏ/E does not compose

correctly to known compute bounds, while (8.13) reproduces Bremermann’s bound by direct

algebra (below).

Numerical values across the hierarchy:

• Planck (k = 1, E ≈ 1019 GeV): τevent ≈ 8 × 10−44 s

• EWSB (k = 44.5, E ≈ 100 GeV): τevent ≈ 2 × 10−26 s

• Pion / QCD (k = 51, E = mπc
2): τevent ≈ 7 × 10−24 s

• Electron (k = 57, E = mec
2): τevent ≈ 2 × 10−21 s

• Consciousness (k ≈ 75, E ≈ kBTbio): τevent ≈ 38 fs
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Figure 8.2: The per-event clock τevent(k) = πℏ/(2E(k)) down the cascade, log-log.
One Margolus-Levitin time (Margolus and Levitin, 1998) sets the minimum duration
of a τ -projection at every scale, from the Planck event to the ∼ 38 fs event at the
biological band — thirty orders of magnitude on a single curve. The Margolus-Levitin
form is the one that composes to Bremermann’s compute bound exactly, the per-
kilogram event rate having E(k) cancel (shown below); the naive Heisenberg estimate
τ ∼ ℏ/E does not compose this way.

Bremermann’s Bound from Composition

Bremermann’s limit (Bremermann, 1962) caps compute rate per unit mass-energy at νmax ≤
2mc2/(πℏ). With (8.13), the event rate per kilogram of mass-energy at scale k is

events

sec · kg
=
mc2/E(k)

τevent(k)
=

mc2

E(k)
· 2E(k)

πℏ
=

2mc2

πℏ
. (8.14)

The E(k) cancels. The result is independent of which scale events occur at and matches

Bremermann’s bound exactly. The framework’s per-event budget composes to the canonical

compute-rate bound by direct algebra, with no free parameters.

Propagation: Two Modes

The framework’s two evolution modes (unitary CP3 between events, τ -projection at events)

handle propagation differently. Massless excitations of the EM field propagate via the unitary
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mode—Maxwell’s equations are part of the CP3 dynamics and have c as the EM wave speed

by construction. Photons traveling between emission and absorption events do not undergo

τ -projection along the trajectory and do not have a per-event displacement. The composition

ratio λC/τevent = 2c/π does not apply to massless content because no τ -projection events

occur along the photon’s trajectory.

For massive particles, propagation involves a sequence of actualization events; per-event

displacement is governed by the relevant propagator dynamics (de Broglie wavelength as a

function of velocity), and the maximum signal speed remains c inherited from the underlying

relativistic structure.

A cosmological cross-check rules out per-event Planck-scale propagation for massless

content: each τ -projection event deposits ∆S ≈ 5.5 kB, so per-event Planck-scale photon

propagation depositing this entropy at every Planck step would yield ∼ 10150 kB from cosmic-

microwave-background propagation alone, far exceeding the universe’s total entropy budget

∼ 10120 kB. Massless content propagates without per-event deposition—in the unitary mode.

Cosmic Event Count

The framework’s cumulative actualization count M(t) ∼ 10121 (Chapter 14) is the actual

count over cosmic history. Bremermann-rate cosmic integration gives the theoretical ceiling:

2Muniverse c
2

πℏ
· tuniverse ≈ 2 × 1054 kg · c2

πℏ
· 4 × 1017 s ≈ 2 × 10122 events. (8.15)

The factor of ∼ 11 between maximum and actual represents an effective occupancy fraction of

∼ 9%: at any moment most cosmic matter is in unitary CP3 evolution between interactions

rather than undergoing τ -projection. Lloyd’s (Lloyd, 2000) estimate of ∼ 10120 ops over

cosmic history is in the same ballpark.

Critical-Scale Numerics

At biological temperature T = 310 K, the resolvability ratio R(k) = E(k)/(kBT ) crosses

unity at k ≈ 75.36, inside the framework’s resolvability window k ≈ 73–78. At that scale,

τevent(k = 75) ≈ 38 fs. Each gamma cycle of ∼ 25 ms therefore admits up to ∼ 6 × 1011

events—a budget comparable to the synapse count in a cortical region, and a quantitative

anchor for the integration-window predictions of Chapter 16.
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Bekenstein-Bremermann-Lloyd

The three classical bounds on information and computation—Bekenstein (Bekenstein, 1981),

Bremermann (Bremermann, 1962), and Lloyd (Lloyd, 2000)—all reduce to compositions of

the per-event budget (∆S = 5.5 kB, τevent(k) = πℏ/(2E(k))) with the boundary capacity

N∞ = φ392.

Bremermann. The maximum compute rate per unit mass-energy is νmax ≤ 2mc2/(πℏ).

Direct composition with (8.13) gives this exactly: E(k) cancels between numerator and

denominator, the rate is scale-independent, no free parameters (derivation immediately

above).

Bekenstein and Bekenstein-Hawking. The Bekenstein-Hawking horizon entropy

SBH = kB π (RH/ℓP )2 for a spherical region bounded by a horizon of radius RH is derived from

the framework’s holographic structure (§14.6.4). At the cosmological boundary, Srecord(t0) =

M(t0) ∆S ≈ 10122 kB agrees with SBH ≈ 2 × 10122 kB to within a factor of about two (§7.5,

Eq. 7.9); each per-event ∆S = 5.5 kB deposit is the increment building that record. The

original Bekenstein bound for arbitrary non-self-gravitating regions, S ≤ 2πkBRE/(ℏc) (linear

in R), is structurally tighter than the holographic (R2) bound the framework reproduces;

the framework matches Bekenstein exactly for self-gravitating regions (black holes, the

cosmological horizon) where holographic saturation is operative, and gives a weaker (R2)

ceiling for non-self-gravitating regions.

Lloyd. The universe-as-computer estimate ∼ 10120 ops on ∼ 1090 bits over cosmic history

is the composition of Bremermann (rate per mass-energy) with the cosmic mass-energy

budget over the cosmic age. The framework’s Bremermann-rate cosmic ceiling ≈ 2 × 10122

events (cosmic-event-count subsection above) is within a factor ∼ 11 of the actual cumulative

count M(t0) ∼ 10121, with the gap representing the ∼ 9% effective occupancy of cosmic

matter in τ -projection at any moment. Lloyd’s ∼ 10120 ops sits in the same ballpark; the

slight overshoot to 10121 in M(t0) reflects that the framework counts τ -firings rather than

two-state-distinguishing operations.

The three classical bounds are reinforced by the framework rather than adopted into it.

They follow from the per-event budget and the boundary capacity by direct algebra; the

framework’s cosmic numbers sit close to each bound in its respective composition. This

is coherence with the standard compute/information literature, not a novel quantitative

prediction.

97



8.5 Entanglement and Bell Nonlocality

Entanglement is a global property of the joint CP3 state; Bell nonlocality (Bell, 1964) is the

statement that this global structure contains correlations inaccessible to any product of local

RP3 outcomes.

8.5.1 Product States and Separability

Two subsystems, A and B, are described by a joint CP3 state |ψAB⟩. If this state factors

as |ψAB⟩ = |ψA⟩ ⊗ |ψB⟩, then the subsystems are independent: τ -projections at site A are

uncorrelated with projections at site B. The statistics of local measurements satisfy Bell

inequalities.

8.5.2 Entangled States and the Bell Bound

For entangled states, |ψAB⟩ cannot be written as a product. The joint CP3 state contains

correlations that no product of local measurements can reproduce. Measurement outcomes

at A and B are correlated in a way that violates classical (local hidden variable) predictions.

The “hidden variable” in this picture is the joint CP3 state—a global object that is not

decomposable into local parts for entangled states. The Bell inequality violation is the

statement that this global CP3 state contains more information than can be extracted by

local τ -projections at each site.

8.5.3 The cos2 θ Correlation from Fubini-Study Geometry

For a spin-1/2 subsystem, the relevant state space is CP1—the Bloch sphere. Two measurement

axes â and b̂, separated by angle θ on the Bloch sphere, correspond to two points in CP1.

The Fubini-Study distance between them is

dF S(â, b̂) = arccos |⟨a|b⟩| =
θ

2
, (8.16)

where the factor of 1/2 arises because CP1 is the projective space of a two-dimensional Hilbert

space: antipodal points on the Bloch sphere (angle π) are orthogonal states (distance π/2 in

CP1).

The Born rule (Chapter 4) gives the transition probability between projectors as the
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squared overlap:

P (â → b̂) = |⟨a|b⟩|2 = cos2

(
θ

2

)
. (8.17)

For a singlet state |Ψ−⟩ = (|01⟩ − |10⟩)/
√

2, perfect anticorrelation holds when θ = 0: if A

measures spin-up along â, B yields spin-down along â with certainty. For general axes, the

joint probability that both yield the same outcome is sin2(θ/2), and the quantum correlation

function is

E(â, b̂) = P (same) − P (different) = − cos θ. (8.18)

The CHSH combination (Clauser et al., 1969) with optimal angles θab = π/4, θab′ = 3π/4,

θa′b = π/4, θa′b′ = π/4 gives

S = E(a, b) − E(a, b′) + E(a′, b) + E(a′, b′) = 2
√

2 ≈ 2.828, (8.19)

violating the classical bound |S| ≤ 2 and saturating the Tsirelson bound |S| ≤ 2
√

2 (Cirel’son,

1980).

The derivation uses only two ingredients: the Fubini-Study metric on CP1 (from the

arena, Chapter 1) and the Born rule exponent of 2 (from Z2 topology, Chapter 4). The cos2

dependence is not an empirical fit; it is a geometric consequence of working in projective

space with the unique Z2-invariant probability measure.

8.5.4 No Action at a Distance

The global CP3 state is the kinematic arena—it is established before any actualization occurs.

A τ -projection at site A does not alter the CP3 state at site B. Rather, the projection at A

selects a local outcome in RP3 according to the Born rule (applied to the reduced density

matrix at A). The apparent correlation with the outcome at B reflects pre-existing structure

in the joint CP3 state, not a signal traveling from A to B.

This is fully consistent with special relativity: no information is transmitted faster than

light. The correlations were “pre-established” in the global CP3 geometry, not created by the

projection at A.

8.5.5 EPR and Quantum Completeness

The Einstein–Podolsky–Rosen argument (Einstein et al., 1935) questioned whether quantum

mechanics is complete (whether |ψ⟩ contains all information). In PPM:
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• Completeness: The CP3 state is complete—it contains all information accessible to

the system. No hidden variables at a deeper level are needed.

• Locality: τ -projections are local operations; they do not require superluminal signaling.

Apparent nonlocality reflects the geometry of the framework: the possibility space

(CP3) is larger than the product of outcome spaces (RP3 ⊗ RP3 for two sites).

• Realism: The CP3 state is a real geometric object (a point on a manifold), not merely

a computational tool. But the local outcomes in RP3 are not real until actualized; the

projection creates them.

The quantum-classical boundary, the complementarity budget, the measurement torus

and projective frame, the standard quantum-information bounds, and the entanglement/Bell

phenomenology all sit on the same partition by R(k) that organized the thermodynamic side

in Chapter 7. Where information extraction exceeds noise the framework reads as quantum;

where noise dominates it reads as classical; the boundary itself supports the measurement

structure standard quantum mechanics treats as postulate.
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Part IV

Energy Hierarchy and Bridges
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Chapter 9

T.9: Energy Hierarchy

Figure 9.1: The energy hierarchy as a Fubini-Study cascade. Each step inward
through the nested CP3 shells corresponds to a factor of 2π in energy, per E(k) =
mπ(2π)(51−k)/2. Standard Model particles sit at characteristic k-levels along the
cascade: quarks at the offsets set by Pati-Salam doublet structure (t, b, c, s, u, d);
leptons at half-integer offsets from EWSB (τ at k≈48, µ at k≈51.5, e at k≈57).
This chapter derives the cascade formula and shows why g = 2π is forced by the Hopf
fibration’s symplectic structure. The per-particle reading of the cascade is unpacked
in Chapter 11.
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Ontological context: 14

9.1 Topological Factorization of g = 2π

The scaling factor at each level of the energy hierarchy is g = 2π. The rigorous derivation

is the symplectic-area calculation in Section 9.2 via the Maslov index of RP3 ↪→ CP3. That

derivation produces g = 2π directly from the monotone Lagrangian embedding; no auxiliary

structure is required.

The numerical answer admits a suggestive factorization:

g2 = 4π2 = 4 · π2 = |Z2 × Z2| · Vol(RP3). (9.1)

The discrete factor |V4| = 4 counts the four fact types (Klein four-group); the continuous

factor Vol(RP3) = π2 is the volume of the fixed-point set. Both invariants live within CP3.

This factorization is heuristic — it shows the answer 2π admits a reading as the geometric

mean of two independent topological contributions — but the load-bearing derivation is the

Maslov calculation below.

9.2 Symplectic Proof via Maslov Index

The Lagrangian submanifold RP3 ↪→ CP3 arises as a monotone Lagrangian in a Kähler

manifold. For the monotone embedding RPN ↪→ CPN , the minimal Maslov number is N + 1

(see Cho and Oh (2006); Fukaya et al. (2009); Oh (1997)), and the minimal holomorphic disk

with boundary on RP3 has symplectic area

Amin =
(N + 1)π

2
. (9.2)

For N = 3:

g = Amin =
4π

2
= 2π. (9.3)

The hierarchy scaling factor is the symplectic area of the fundamental actualization disk.

Lagrangian Floer cohomology also establishes that RP3 is non-displaceable in CP3 (Fukaya

et al., 2009): actuality is always accessible from possibility—there is no displacement of the

quantum possibility by pure actualization dynamics; the fixed-point attractor always permits

return.
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Empirical verification. gemp ≈ 6.32 vs. 2π = 6.283, a 0.6% agreement. The factorization

(9.1) provides a heuristic reading of the same answer in terms of two topological invariants of

the (CP3, τ) structure.

9.3 Hierarchy Formula

The energy at hierarchy level k is

E(k) = mπ (2π)(51−k)/2 MeV. (9.4)

Here:

1. mπ = 140 MeV is the pion mass (reference scale)

2. k = 51 is the confinement level (QCD scale)

3. The exponent (51 − k)/2 places k levels in the logarithmic hierarchy

Equivalently,

k = 51 − 2 log2π(E/mπ). (9.5)

E(k) is a logarithmic energy coordinate: any actualization event at energy E sits at

k = 51 − 2 log2π(E/mπ). This locates events on the cascade but does not assert that Hα has

an eigenvalue at every cascade level. The spectrum of Hα on the radial sector of CP3 has been

computed: the eigenvalues are εn ≈ 2n(n+ 3) + 1.71 in units of mπc
2 (quadratic in the radial

mode index, the free Fubini-Study Laplacian eigenvalues shifted by the Kähler-potential

ground state). These discrete eigenvalues populate the cascade non-uniformly; the cascade

itself is set by the projection topology (g = 2π from the Hopf-fiber/Maslov volume, §9.1),

not by the spectrum. The per-event energy identity (event’s energy = Hα eigenvalue =

thermodynamic contribution = cascade-locator E(k)) is stated formally in Chapter 7, §7.7.

9.3.1 Source of Integer k: Zoll Spectral Structure on RP3

The integer character of k is structural, not a separate quantization postulate. RP3 with

the Fubini-Study-induced round metric is a Zoll manifold (Chapter 1, §1.2.1): all unit-

speed geodesics close at length π. By Theorem 1.2.1, the Laplacian on a Zoll manifold has

eigenvalues clustered around integer-shifted values (ℓ+ α)2 with multiplicities scaling as ℓn−1.

The cascade index k is the Zoll spectral order ℓ on RP3, projected onto a logarithmic
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energy axis through the symplectic scaling factor g = 2π derived in §9.1. Schematically:

round Zoll metric on RP3
︸ ︷︷ ︸

Chapter 1

=⇒ (ℓ+ α)2 Laplacian clusters
︸ ︷︷ ︸

Thm 1.2.1

=⇒ integer cascade index k︸ ︷︷ ︸
this chapter

=⇒ E(k) = mπ(2

Remark 9.3.1 (Integer vs. half-integer cascade positions). The Zoll spectrum supplies the

integer k-skeleton. Half-integer offsets (lepton positions, EWSB offset at 51 − 13/2) come

from the additional Z2 fact-type quantization layered on the integer structure (Chapter 5,

11). The Zoll structure underwrites the integers; the Klein four-group V4 on the fact types

underwrites the half-integer refinements.

9.3.2 The Cascade as a Geometrically Flat Coordinate

The cascade is set by the projection topology, as just stated. A sharper version of this fact

is available now that the Berry connection on Spin(RP3) is in place. Pulled back to the

(k, |z|, ϕ) parameter space (Chapter 12, Section 12.1.2), the connection 1-form decomposes as

A = Aradial dρ+ AHopf dϕ+ Ascale dk

with Aradial = 0 (parallel transport along Fubini–Study geodesics is trivial), Ascale = 0

(the k-rescaling |z| = ρ λC(k) preserves the angular spinor frame), and AHopf = 1/2 (spin-1
2

representation of the holomorphic Hopf-fiber rotation). All quantum-geometric content (Berry

phase, spinor rotation, holonomy) lives in the Hopf-fiber direction ϕ; the k- and ρ-directions

accumulate no phase.

The cascade is therefore a flat coordinate with respect to the spinor bundle. A particle

at k = 44.5 (top quark) and a neural boundary at k ≈ 75.35 (critical scale) sit at different

positions on the same flat axis; the fiber structure they share—the spinor bundle, the 720◦

closure, the topological invariants of the τ -projection—is identical at both ends. What differs

across k is the energy scale E(k) and the position-dependent thermodynamic conditions

(temperature, decoherence rate, integration timescale). The fiber’s quantum-geometric content

does not change with k.

This is the formal underpinning of the framework’s claim that one geometric arena runs

at every scale. The same CP3 with the same τ produces particle physics at low k and

consciousness at high k because moving in k does not disturb the fiber. The remainder of

this chapter walks the distinguished cascade levels with this in mind: each station differs

from the others in scale and thermodynamic regime, with the same underlying fiber structure
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throughout.

9.4 Key Scale Stations

The energy hierarchy contains several topologically distinguished scales where major symmetry

breakings occur:

Every row below is the cascade E(k) = mπ(2π)(51−k)/2 evaluated at the framework’s

k-assignment. No empirical scales are substituted in; where the cascade value differs from

a conventional physics scale at the same name (e.g. “UV boundary” vs the standard GUT

scale ∼ 1016 GeV), the divergence is noted in the prose that follows the table.

Name k E(k) Physics

Planck 1 1.26 × 1019 GeV Quantum gravity

UV boundary 10 3.23 × 1015 GeV Framework UV scale

Pati-Salam 16.25 ≈ 1013 GeV Grand unification

EWSB 44.5 ≈ 55 GeV Electroweak

QCD 51 140 MeV Confinement

Sterile ν DM 61–62 5.7–14.3 keV Dark matter regime

Consciousness 75.35 ≈ 26.7 meV R(k) ≈ 1; see Chapter 16

The energy-hierarchy plot for this formula sits at the head of Chapter 11 (Fig. 11.1), where

it serves as the per-particle anchor for the mass-prediction derivations. The plot itself is the

same data this chapter has just derived; placing it once in the document, at the chapter where

its per-rung structure is unpacked particle-by-particle, avoids the two-instance redundancy

that an early draft of this chapter carried.

Scale details:

k = 1 (Planck scale): E(1) = 140 MeV × (2π)25 ≈ 1.26 × 1019 GeV. The observed Planck

energy is 1.22 × 1019 GeV, a 3% agreement. At this scale the full CP3 structure is accessible;

quantum gravity effects dominate. The Planck scale is not an input—it is derived from the

hierarchy formula given the pion mass anchor.

k = 10 (UV boundary): E(10) ≈ 3.23 × 1015 GeV. This is the framework’s UV scale—the

topological lower bound on the gauge-emergence ladder rather than the conventional grand-

unification scale of standard GUT phenomenology (∼ 1016 GeV). The two are distinct: the

conventional GUT scale corresponds to k ≈ 14.6 on the cascade and is not a topologically
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distinguished level in the framework, whereas k = 10 marks the Planck-flank end of the

Z2-quantized hierarchy used for Pati-Salam emergence at k = 16.25.

k = 16.25 (Pati-Salam breaking): E(16.25) ≈ 1013 GeV. This is the scale where sin2 θW =

3/8, determined by the SM one-loop running from the observed sin2 θW (MZ) = 0.231 (Particle

Data Group, 2024) upward (Section 9.3).

k = 44.5 (Electroweak symmetry breaking): E(44.5) ≈ 55 GeV. This is where RP3

geometry emerges for the electroweak sector; the Higgs mechanism (Higgs, 1964) activates.

The electroweak scale is derived from bridge-constant parameter counting, not empirical:

kEWSB = kref − 13/2 = 44.5.

k = 51 (QCD confinement): E(51) = 140 MeV by construction. The RP3 lattice is fully

crystallized; color confinement binds quarks into hadrons.

kconscious ≈ 75.35 (Phenomenal boundary): E(kconscious) = kBTbio ≈ 26.7 meV for mam-

malian body temperature (T = 310 K). At this scale, R(k) ≈ 1: the transition from

hard-quantized fiber modes (particle scales) to soft-quantized, thermally occupied fiber (bio-

logical scales). Integrated information can sustain phenomenal experience at this boundary;

Chapter 16 develops the derivation.

9.5 Stability Analysis

9.5.1 Thermodynamic Irreversibility of the Cascade

At each symmetry-breaking step G → H, the effective gauge group dimension drops

from dimG to dimH. This drop creates a free-energy barrier. The entropy released by

the breaking—the information formerly carried by the dim(G/H) broken generators, now

thermalized—raises F for any trajectory that would attempt to restore the broken symmetry.

Quantitatively, the free-energy cost of restoration is

∆Frestore = ln
dimG

dimH
. (9.6)

For each step in the cascade:

Breaking dimG → dimH ∆F Irreversible?

Pati-Salam → SM 21 → 12 +0.56 Yes

EWSB: SU(2)L × U(1)Y → U(1)em 12 → 9 +0.29 Yes

Confinement: SU(3)C → hadrons 9 → 1 +2.20 Yes
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Every ∆F > 0: each step is thermodynamically irreversible. The cascade is a ratchet.

Confinement is the most strongly locked (∆F = ln 9 ≈ 2.20), consistent with the exceptional

stability of hadronic matter.

In information-theoretic language: each breaking thermalizes the information carried by

the broken generators, transferring it from actualization content to entropy. Restoring broken

symmetry would require injecting information against the thermal background, costing at

least kBT ln 2 per bit. At the energies below each breaking scale, that cost exceeds the

available energy budget.

9.6 EWSB Bifurcation

At k ≈ 44.5, the system undergoes a bifurcation where the Higgs field acquires a non-

zero vacuum expectation value. The Higgs order parameter ϕ lives in the coset SU(2)L ×
U(1)Y /U(1)em. Its effective potential at k-level k takes the Landau–Ginzburg form

V (ϕ, k) = 1
2
m2

eff(k) |ϕ|2 + 1
4
λ |ϕ|4, (9.7)

where λ = 1/(4
√
π) is the PPM-derived quartic and the effective mass receives thermal

corrections from the actualization dynamics at scale E(k):

m2
eff(k) = µ2 − cT E(k)2, cT ≈ 0.40, (9.8)

where µ2 = 2λv2 is the vacuum mass parameter and cT is the full one-loop thermal

coefficient. The bifurcation condition m2
eff(kEWSB) = 0 gives

E(kEWSB) =
µ√
cT

≈ 146 GeV, kpred
EWSB ≈ 43.4. (9.9)

The empirical value is kEWSB = 44.5 (E ≈ 55 GeV), a discrepancy ∆k ≈ 1.1 corresponding

to a factor ∼ 2.7 in energy. This is the expected precision of a leading-order calculation

before projection corrections to the effective temperature at each k-level are included.

The Higgs vacuum expectation value is

⟨H⟩ =
v√
2
, v = 246.2 GeV, (9.10)

matching observation to better than 0.01%.
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9.7 Confinement from Two-Loop Running

Confinement provides a second worked example of bifurcation, now using renormalization-

group flow rather than Landau–Ginzburg effective potential. The strong coupling αs runs

under the two-loop β-function

µ
dαs

dµ
= − b0

2π
α2

s − b1

4π2
α3

s, b0 = 11 − 2
3
nf , b1 = 102 − 38

3
nf , (9.11)

with nf changing at each quark-mass threshold (mt, mb, mc). Anchoring at αs(MZ) =

0.1179 (Particle Data Group, 2024) and running through the bottom and charm thresholds

gives confinement (αs → 1) at

µconf ≈ 800 MeV, kpred
conf ≈ 49.1, ∆k = 1.9 from known k = 51. (9.12)

The same calculation reproduces Λ
(3)
QCD ≈ 280 MeV (PDG value: 332 ± 17 MeV (Particle

Data Group, 2024), 15% agreement). The discrepancy reflects the expected precision of a

leading-order treatment before two-loop instanton contributions and threshold-scheme details

are included.
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Figure 9.2: Strong-coupling flow as a cross-check on the confinement scale. Two-
loop RG running of αs upward from the measured αs(MZ) = 0.1179 (Particle Data
Group, 2024), through the bottom and charm thresholds, reaches strong coupling at
µconf ≈ 800 MeV — cascade level k ≈ 49.1. The framework fixes confinement at
k = 51 from geometry alone; standard QCD running, with no framework input, lands
within two k-units of it. The gap is the size expected for a leading-order treatment.

9.8 The k-Bound as Geometric Regulator

Conventional quantum field theory treats high-energy behavior as problematic: loop inte-

grals over arbitrarily high momenta diverge, requiring regulators (momentum cutoff ΛUV,

dimensional regularization, Pauli–Villars masses, lattice spacing) introduced by hand to

render expressions finite, with the regulated theory then renormalized by absorbing the cutoff

dependence into redefined couplings (Peskin and Schroeder, 1995; Weinberg, 1995). The

cutoff is extrinsic: standard QFT does not specify where it should be set or why a physical

theory should be bounded above.

The framework supplies the bound geometrically. The cascade E(k) = mπ(2π)(51−k)/2

of §9.3 is defined for integer k ≥ 1. At k = 1 the cascade terminates at the Planck energy

EPl = mπ(2π)(51−1)/2 ≈ 1.22 × 1019 GeV. No physical mode exists at k < 1. At the IR end,

the cascade terminates at the cosmological horizon, with the boundary capacity N∞ = φ392

fixing the largest accessible scale (Chapter 14). Both ends are set by the arena’s topology

rather than by parametric choices: the cascade has finite range, and that finiteness is intrinsic
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to CP3 with the τ -involution and the boundary identification on RP3.

This bound functions as a regulator without being one. In conventional QFT, a loop

integral over momentum p takes the form I =
∫ ΛUV

0 f(p) d4p with the cutoff ΛUV either taken

to infinity (and the divergence absorbed into counterterms) or set by hand at the scale where

new physics is presumed to enter. In the framework, the same integral is intrinsically bounded:

IPPM =
∫ EPl

EIR
f(p) d4p, because no degree of freedom exists outside that range. The geometric

upper limit is E(k = 1); the lower limit is the IR boundary scale. Divergences associated

with the unbounded p → ∞ limit do not arise, not because the integrand is better behaved

but because the integration region is finite by construction. The bound is structural, fixed by

the cascade itself, not parametric in the sense of a tunable regulator.

This does not displace the renormalization-group machinery. Within the cascade, running

couplings evolve with scale exactly as standard RG flow describes: the two-loop β-function

for αs (§9.7, Eq. 9.11) tracks the flow from MZ to the confinement scale, and the same

machinery (Wilson, 1974) governs the running of α, the gauge couplings, and the Yukawa

couplings between cascade levels. What is sidestepped is the conventional appearance of

UV-divergent integrals as artifacts of integrating beyond physical momenta—integrals that,

in the framework, are not divergent in the first place because the upper limit EPl is part of

the arena’s structure.

The framework’s bound also has a finite-tape interpretation (§8.4.5 and Chapter 7): every

physical process operates on a finite information budget set by N∞, every τ -event has duration

≥ πℏ/(2E) by the Margolus-Levitin bound, and the cumulative event count M(t) ∼ 10121

over cosmic history (Chapter 14) is finite. UV finiteness, finite computational resources,

and finite cumulative actualization are three readings of the same geometric constraint: the

cascade is bounded, and what is bounded cannot diverge.

This is the conceptual statement; the detailed comparison with specific regulators (dimen-

sional regularization in d = 4 − ϵ, explicit Pauli-Villars masses at the cascade UV, lattice

correspondence with a ∼ E−1
Pl ) and the explicit identification of representative diverging

conventional integrals with their cascade-bounded counterparts are research items beyond

the scope of this chapter. The structural claim sufficient for the framework’s QFT account is

the bound itself.
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9.9 Geometric Determination of Constants

The cascade formula closes the chapter’s main contribution: every dimensionless constant

of the Standard Model—α, G/(ℏcm−2
π ), mt/mπ, kEWSB, the generation count, the gauge

group—is fixed by CP3 geometry through the hierarchy and the Planck anchor, with mπ

entering only as a unit calibration. The hierarchy formula, the Planck anchor, Newton’s

constant, and the Planck energy form a closed system whose consistency requirement reduces

to (2π)27
√
α = φ98 (residual 0.38% with αobs, 0.17% with Route II α); the full derivation

chain and the geometric origin of each exponent are given in Chapter 10, where the variational

principle that drives the cascade—τ -projection extremizing the actualization free energy at

each k-level—is also where the bootstrap closes.
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Chapter 10

T.10: Six Bridges Framework

Ontological context: 11

10.1 Complete Graph K4

The six bridges of physics are the six edges of the complete graph on four vertices (four fact

types A,B,C,D):

A

/ × \
B −− C

\ × /

D

(10.1)

The six edges are: A−B, A−C, A−D, B−C, B−D, C−D.

10.2 Bridge Constant Table

Bridge Constant Physics PPM Status

A ↔ B c Special relativity Structural

A ↔ D ℏ Quantum mechanics Structural

B ↔ D G General relativity Derived (T.14)

C ↔ D GF Weak interaction Derived (T.5)

A ↔ C θW Electroweak Derived (T.5, T.6)

B ↔ C τ Unification Operator / geometric (T.2)
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10.3 V4 Symmetry Structure

The symmetry organizing the bridge structure is the Klein four-group

V4 = Z2 × Z2 = {e, a, b, ab : a2 = b2 = e, [a, b] = e}. (10.2)

It acts on the six bridges as a transitive group, organizing them into three orbits. The

group has three nontrivial elements: σ1 (swap τ -parities within each doublet: A ↔ B,

C ↔ D), σ2 (swap doublets: A ↔ C, B ↔ D), and σ3 = σ1σ2 (swap both: A ↔ D, B ↔ C).

Orbit 1 (kinematic): Within-doublet bridges (A-B, C-D). These connect fact types within

the same symplectically orthogonal pair. Constants: c (spectral–spatial) and GF (chiral–

intensity). Information cost: trivial (same sub-channel). τ -reduction exponent: 0.

Orbit 2 (gauge): Cross-doublet bridges linking τ -odd to τ -even across doublets (A-C, B-D).

Constants: θW (spectral–chiral) and G (spatial–intensity). Information cost: requires

traversing the Kähler structure. τ -reduction exponent: 3.

Orbit 3 (unification): Cross-doublet bridges linking same τ -parity across doublets (A-D,

B-C). Constants: ℏ (spectral–intensity) and τ (spatial–chiral, the missing bridge).

Information cost: maximal (requires the full CP3 geometry). τ -reduction exponent: 1.

Planck’s constant and the PPM projection share an orbit: h converts spectral facts (A,

τ -odd) to intensity facts (D, τ -even); τ converts spatial facts (B, τ -even) to chiral facts

(C, τ -odd). Both cross both boundaries. The orbit structure determines their relationship:

ℏ = h/Vol(ker τ).

10.4 Weinberg Angle: Recovering Known Structure

The framework recovers the well-established Pati–Salam prediction (Pati and Salam, 1974)

that sin2 θW = 3/8 at grand unification. This is a consistency check rather than a new

result: the framework’s bridge geometry exhibits this ratio geometrically. The numerator

is 3 = dim(RP3) and the denominator is 8 = 2χ(CP3), the total τ -reduction exponent. For

general CPn → RPn, the bridge geometry gives:

sin2 θW

∣∣∣
GUT

=
dim(RPn)

2χ(CPn)
=

n

2(n+ 1)
, (10.3)

114



which gives 1/4, 1/3, 3/8, 2/5 for n = 1, 2, 3, 4. The experimentally favored n = 3 case

yields 3/8, compatible with observed three-dimensional space. The running from 3/8 to

sin2 θW (MZ) = 0.231 is driven entirely by gauge-boson and Higgs loops; the fermion contri-

bution to b1 − b2 cancels, so the running is independent of ngen.

Information-theoretic interpretation. The (C,D) doublet carries chiral and intensity

content through a single sub-channel. At the Pati–Salam scale, sin2 θW = 3/8 represents the

allocation: 3/8 of the (C,D) channel capacity is assigned to chirality and 5/8 to intensity. The

RG running of sin2 θW from 3/8 at the GUT scale to 0.231 at MZ describes the k-dependent

flow of this allocation parameter θCD(k).

Figure 10.1: The running of sin2 θW from grand unification to the weak scale.
The framework fixes only the starting value: sin2 θW = 3/8 at the GUT scale, the
topological ratio dim(RP3)/2χ(CP3) (Eq. 10.3). From there the curve is ordinary
RG flow driven by gauge-boson and Higgs loops, independent of generation count,
arriving at sin2 θW (MZ) = 0.231 — the measured value (Particle Data Group, 2024).
A topological boundary condition and standard running reproduce the weak mixing
angle with nothing fitted in between.

10.5 τ-Reduction Exponents

The τ involution acts on the three Planck-unit constants with distinct modes:

• h → ℏ = h/2π: division by Vol(ker τ). Exponent 1.

• c → c: τ is an isometry of the Fubini–Study metric, so τ(c) = c. Exponent 0.
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• G: the PPM formula G = (2π)4 ℏc α/(m2
π

√
N∞) contains (2π)4 = Vol(ker τ)χ(CP3).

Decomposing: (2π)1 is absorbed by ℏ; the remaining (2π)3 = Vol(ker τ)dim(RP3) is the

gravitational contribution. Exponent 3.

The three modes correspond to three roles of τ : as phase identification (quantum mechan-

ics), as metric isometry (relativity), and as information-destroying projection (gravity).

The exponents {1, 0, 3} for {h, c,G} extend to all six bridges by the orbit-partner rule:

orbit partners share their exponent. The total across all bridges is

∑

bridges

(τ -exponent) = 2 × (0 + 3 + 1) = 8 = 2χ(CP3). (10.4)

This sum rule is topological: the total τ -content of the bridge constants is fixed by the

Euler characteristic of the kinematic arena.

The identity underlying the decomposition of G,

χ(CPn) = dim(RPn) + 1 for all n, (10.5)

means the Euler characteristic of the pre-actualization arena always splits into the dimension

of the post-actualization arena plus one fiber degree of freedom (the τ fiber itself, absorbed

by ℏ).

10.6 Duality Classification

All known dualities in physics (AdS/CFT, electric-magnetic duality, T-duality, etc.) can

be understood as coordinate transformations between different fact-type bases on the same

underlying CP3 space. No mysterious non-local symmetries are needed; they are all geometric

statements about the geometry of the fact-type decomposition.

10.6.1 The Coordinate Criterion for Duality

Two measurement procedures that yield different physical observables are informationally

equivalent if they extract information from the same CP3 coordinate sector. This provides

a precise geometric criterion for duality: two theories are dual when they access the same

coordinate sector or when they exchange coordinates via a natural symmetry of CP3 geometry.

The Kramers–Kronig relations (Kramers, 1927) illustrate this directly. Optical interfer-

ometry extracts the real part of the complex refractive index n′(ω) (phase shift, Type B);
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absorption spectroscopy extracts the imaginary part n′′(ω) (extinction, Type A). Both project

the same underlying complex susceptibility χ(ω) onto complementary Re/Im components.

The dispersion relation encodes the complex structure of CP3: both probes read from the

same J-conjugate coordinate pair, so the real and imaginary parts are Hilbert-transform

pairs.

10.6.2 The (A,B) Doublet Dualities

All dualities in the (A,B) doublet are expressions of the Kähler isometry J of CP3, which

maps Re(z) ↔ Im(z):

Wave-particle duality. Wave nature (phase-coherent superposition, interference) is Type A

content; particle nature (localized impact, discrete energy exchange) is Type B content.

Wave-particle duality is the CP3 → RP3 projection restated: the same complex state

produces wave phenomena when probed with Type A operators and particle phenomena

when probed with Type B operators.

T-duality. Momentum modes (En = n/R, Type A spectral) exchange with winding modes

(Type B topological spatial) at R ↔ ℓ2
s/R via the J-isometry.

Mirror symmetry. A-model (holomorphic curves, volume, Type B) exchanges with B-

model (holomorphic periods, eigenvalues, Type A) via Kähler/complex-structure moduli

exchange.

Born reciprocity. Born’s (Born, 1938) (x, p) → (p,−x) symmetry is the statement that

CP3 has no privileged Re/Im split—a direct expression of Kähler geometry.

AdS/CFT correspondence. (Maldacena, 1998) Bulk AdS5 geometry (Type B) maps to

boundary CFT4 spectral data (Type A) via the bulk-to-boundary propagator. AdS/CFT

is a Type A ↔ Type B duality at the holographic boundary.

10.6.3 The (C,D) Doublet Dualities

All dualities in the (C,D) doublet are expressions of the Hodge star on the SU(2)-doublet vs.

SU(3)C-singlet decomposition:

Electric-magnetic (Montonen–Olive) duality. (Montonen and Olive, 1977) Electric

field couples to charge density (Type D, singlet); magnetic field couples to orbital angular
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momentum and spin (Type C, chiral sector). The duality rotation E ↔ B is a U(1)

rotation in the (C,D) plane.

S-duality. Weak coupling (perturbative particles, Type A) exchanges with strong coupling

(solitons/monopoles characterized by energy density, Type D) via the BPS mass formula.

Particle-vortex duality. Electron charge density (Type D) exchanges with composite

fermion flux (Type C) at the quantum Hall transition.

10.6.4 The Unification Constraint

No known duality mixes the (A,B) doublet with the (C,D) doublet. No established A ↔ C,

A ↔ D, B ↔ C, or B ↔ D duality exists.

Mixing the two doublets requires an operator that simultaneously exchanges the complex

structure J (which relates A and B) with the gauge structure of SU(3) × SU(2) × U(1) (which

relates C and D). That exchange is precisely what quantum gravity unification requires. The

absence of a known cross-doublet duality is the algebraic signature of the open unification

problem.

10.7 τ as the Cross-Doublet Bridge

The duality classification reveals a structural gap: no established theory bridges the (A,B)

doublet to the (C,D) doublet. The missing operator must be an automorphism of CP3 that

acts simultaneously on the Kähler structure (which relates A and B) and on the gauge algebra

(which relates C and D), while preserving the Fubini–Study metric.

That operator is τ . It acts as a simultaneous real-part selector on both doublets. For the

(A,B) doublet: it preserves Type B (real geometry) and strips Type A (imaginary fiber).

For the (C,D) doublet: it leaves Type D (squared amplitudes |zi|2) invariant while breaking

the chiral phases (Type C) from SU(2)R down to U(1)R through the operation eiφ → e−iφ.

Before τ : the arena carries full SU(4) symmetry with all fact types undifferentiated. After τ :

all four types become simultaneously distinguished by the action of this single operator.

Why existing theories lack this bridge. Each major framework operates only within

a single doublet or sector: general relativity works exclusively with Type B (geometry); the

Standard Model addresses Types A, C, D but treats geometry as fixed background; string

T-duality and mirror symmetry exchange within (A,B); N = 4 SYM and S-duality exchange

within (C,D). None of these reaches across the doublet boundary.
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Several major programs attempt to go further:

Twistor theory (Penrose, 1967; Penrose and Rindler, 1984) works on CP3 and encodes

Types A, B, and partially C, engaging three of four fact types. The gap: no CP3 → RP3

projection. Twistors supply τ ’s domain without its codomain.

AdS/CFT (Maldacena, 1998) maps bulk gravitational physics (Type B) to boundary CFT

(Types A, C, D)—a genuine cross-doublet map. The obstruction: it is an invertible

dictionary, not a non-invertible projection. PPM’s τ discards information; an isomorphism

does not.

Loop quantum gravity (Ashtekar, 1986; Rovelli and Smolin, 1995) promotes geometry

from background to quantum variable, deepening Type B without bridging to gauge

content (Types A, C).

Causal set theory (Bombelli et al., 1987) encodes causal (Type B) and volumetric (Type D)

content. Gauge interactions have no natural embedding.

Each program recovers a fragment of τ ’s action. SUGRA’s Qα linearizes τ at the

perturbative level. Twistor theory supplies τ ’s domain (CP3) without its codomain (RP3).

NCG’s (Connes, 1994) real structure J implements τ ’s algebraic constraint without its

geometric projection. AdS/CFT provides τ ’s cross-doublet reach without its irreversibility.

Conjecture 10.7.1 (PPM as universal duality generator). Every duality relation in physics

is a within-doublet consequence of the Z2 involution τ on CP3. Every (A,B) duality expresses

the J-isometry (holomorphic half of τ); every (C,D) duality expresses the Hodge-star action

(anti-holomorphic half). No cross-doublet duality is possible within any theory that does not

take CP3 → RP3 actualization as its fundamental primitive.

10.8 Bridge Derivability Analysis

The six bridges occupy different logical roles in the framework. Two define the unit sys-

tem itself, one is the geometric framework, and three are numerically derivable from that

framework.
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Bridge Constant Derivable? Accuracy Inputs Bottleneck

B ↔ C τ Geometric Exact None —
A ↔ B c Unit-defining N/A Defines units —
A ↔ D h Unit-defining N/A Defines scale —
B ↔ D G Yes 1.7% mπ (neutral pion 135.0 MeV) N∞ = φ392 exponent
C ↔ D GF Yes < 0.01% mπ, kEWSB —
A ↔ C θW Yes (GUT) Exact None SM RG for low-E

Table 10.1: Derivability of bridge constants. τ is the framework itself (geomet-
ric, exact). c and h define the measurement system (not derivable as numbers). G,
GF , and θW are numerically derivable within PPM.

τ (Orbit 3): The operator itself, not a numerical constant. Its geometric content

Vol(ker τ) = 2π is exact—the circumference of the S1 fiber in the Hopf fibration.

c and h (Orbits 1 and 3): These define the unit system. In natural units ℏ = c = 1;

their numerical values in SI (299,792,458 m/s and 6.626 × 10−34 J·s) reflect the human choice

of meters and seconds, not physics. The relationship ℏ = h/Vol(ker τ) = h/2π is derivable

and exact; the absolute scale is conventional.

G (Orbit 2): Derived via G = (2π)4ℏc α/(m2
π

√
N∞). Every factor is geometric except

mπ (the one dimensionful input, neutral pion mπ0 = 135.0 MeV) and N∞ = φ392 (from the

A5 icosahedral tiling of RP3). The 1.7% error reflects the neutral pion choice, which gives

the best agreement with observed G.

GF (Orbit 1): Derived via GF = 1/(8
√

2m2
π (2π)7), following from v = 2

√
2mπ (2π)7/2.

The < 0.01% accuracy reflects the algebraic exactness of this derivation—no approximations

beyond mπ and kEWSB.

θW (Orbit 2): sin2 θW |GUT = dim(RP3)/2χ(CP3) = 3/8 is exact from topology (no

inputs). The low-energy value sin2 θW (MZ) = 0.231 follows from standard SM renormalization

group running, which is well-established physics, not a PPM computation.

Every dimensionless ratio is derived purely from CP3 geometry. The single remaining

input—mπ = 140 MeV (or equivalently the Planck energy EP = mπ × (2π)25)—is not a

physical parameter but a unit conversion factor that translates between the framework’s

natural Planck units and conventional human units. The electroweak scale emerges as

kEWSB = 44.5, derived from topological data alone via the bridge-constant formula: kEWSB =

51 − (χ(CP3) × dim(RP3) + 1)/2 = 51 − 13/2 = 44.5.
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Orbit Structure and Derivability

The pattern of derivability across orbits reflects how each orbit relates to the τ projection

structure.

Orbit 3 (τ-exponent 1): foundational. {h, τ} are the two axioms of the framework.

h defines the quantum scale; τ defines the actualization geometry. Neither is derived because

they constitute the base from which everything else follows. Their orbit pairing means the

scale of quantization and the geometry of actualization are related by a single fiber operation:

ℏ = h/Vol(ker τ).

Orbit 2 (τ-exponent 3): collective, both derivable. {θW , G} are both derived

and both require the full dimensionality of RP3. θW requires integration over the spatial

dimensions (RG running from 3/8 to 0.231). G requires N -body holographic averaging

over dim(RP3) = 3 spatial dimensions. The exponent 3 signals that these bridges describe

collective physics—how the actualized arena as a whole mediates between fact types. Their

values are consequences of the RP3 geometry, hence derivable.

Orbit 1 (τ -exponent 0): one given, one derived. {c,GF } have zero τ -fiber content.

The asymmetry between them encodes the doublet structure: c is the within-(A,B)-doublet

bridge—the metric speed of the pre-τ arena, existing before τ acts. It is unit-defining because

it establishes the measurement framework. GF is the within-(C,D)-doublet bridge—the

coupling within the gauge sector that τ creates by breaking SU(4). It is derivable (< 0.01%)

because it lives entirely within τ -generated structure.

The general principle: bridges within pre-τ structure define units; bridges within

or across τ -generated structure are derivable. This is because τ -generated structure is

determined by CP3 geometry, while the pre-τ metric structure sets the scale against which

everything else is measured.

The kEWSB Offset: Suggestive Observations

Topological Decomposition. The undetermined input kEWSB = 44.5 enters through GF

(Orbit 1, exponent 0). The zero exponent suggests (but does not determine) that kEWSB

might emerge from algebraic or representation-theoretic considerations—not from a collective

integral (exponent 3) or a fiber computation (exponent 1), but from the combinatorial

structure of how the (C,D) doublet relates to the symmetry-breaking scale.

The observed offset of kEWSB from the confinement scale kref = 51 is 51 − 44.5 = 13/2.
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The number 13 admits multiple decompositions; the following is one candidate:

13 = χ(CP3) × dim(RP3) + 1 = 4 × 3 + 1. (10.6)

This decomposition is compatible with the formula

kEWSB = kref − χ(CP3) dim(RP3) + 1

2
= 51 − 13

2
= 44.5, (10.7)

but the decomposition is not unique to this geometric structure.

The Higgs VEV exponent 7 = 2 dim(RP3) + 1 = 2 × 3 + 1 exhibits a similar “2n + 1”

structure, which is suggestive of a deeper pattern but does not constitute derivation: the Higgs

VEV uses n = dim(RP3) = 3 (the actualized arena); the k-offset uses n = dimR(CP3) = 6

(the full arena), since 2 × 6 + 1 = 13. The +1 in both cases reflects the τ -fiber contribution,

consistent with χ(CPn) = dim(RPn) + 1.

For general CPn → RPn, a similar pattern would predict an offset [(n+ 1) × n+ 1]/2 =

(n2 + n+ 1)/2: the value 3/2 for n = 1, 7/2 for n = 2, 13/2 for n = 3, 21/2 for n = 4. That

n = 3 recovers the observed kEWSB = 44.5 is consistent with three spatial dimensions, but

does not uniquely specify it.

Physical Mechanism: Parameter Count. The number 13 also matches the count

of Standard Model parameters whose physical existence depends on electroweak symmetry

breaking: 9 charged fermion masses (u, d, c, s, t, b, e, µ, τ ), 3 CKM mixing angles (θ12, θ23, θ13),

and 1 CP-violating phase (δCP). The 4 cross-doublet bridges × 3 generations give 12

parameters, with the CP phase δCP as a 13th τ -odd invariant. The agreement between this

count and the topological 13 is a striking coincidence worth investigating; it does not yet

constitute a derivation, since the parameter-count argument does not select the formula

χ · dim +1 from alternatives.

Status and Verification. Both the topological decomposition χ(CP3)·dim(RP3)+1 = 13

and the EWSB-parameter count yield 13. Whether this constitutes a derivation or a

coincidence remains open.

Structural Map of the Structure Constants

Table 10.1 classified the six bridges by derivability; the same question applies to every scope

of the graph. The K4 graph has eleven distinct scopes where a structure constant could

live: four vertices (one per fact type), six edges, and the whole-arena “global” scope. The

three matrices below tabulate which scopes the framework populates at which tier. Empty
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cells show as “—”; structurally forbidden scopes carry an explicit forbidden note with the

geometric reason.

Vertex Tier 1 (geometric) Tier 2 (anchored) Tier 3 (open)

A (spectral) — charged-lepton

masses; light-quark

masses; MW , MZ ,

MH

αs; heavy quarks

(mc,mb,mt); mνi

B (spatial) dim(RP3) = 3 — —

C (chiral) θQCD ≈ 0 — —

D (intensity) — v (Higgs VEV) λH

Edge Tier 1 Tier 2 Tier 3

A–B (within K) Forbidden: within-Kähler structure rigid; the complex structure J

pairs spectral and spatial as Im/Re of one coordinate, leaving no free

parameter on this edge.

A–C (K–G cross) δCP — CKM angles; PMNS angles

A–D (K–G cross) α — Yukawa couplings yf

B–C (K–G cross) Forbidden: τ itself is the bridge constant on this edge; no internal

parameter sits beside it.

B–D (K–G cross) — — β (backreaction); wDE

C–D (within G) Forbidden: GF encodes the within-gauge channel; no internal param-

eter sits beside it.

Scope Tier 1 Tier 2 Tier 3

whole arena N∞; Ng = 3; GP-S Λ —

Tier 4 (unit-defining: c, ℏ, kB) sits outside this hierarchy by construction. These constants

set units of length, time, action, and entropy rather than reporting physical content, and so

are not tabulated as derivable in any scope. c and ℏ appear as bridge constants in the table

above; kB is included here for completeness as the temperature-unit constant.

The pattern the matrices make visible is structural rather than incidental. The spectral

vertex (A) carries most of the framework’s mass and coupling content, the spatial and chiral

vertices each carry one Tier-1 structural fact and nothing else, the intensity vertex carries the

EWSB scale and its self-coupling. Three edges are structurally empty—the within-doublet

edges (A–B, C–D) by rigidity of the Kähler and gauge pairings, and the B–C edge by τ ’s

presence as the bridge constant. Three edges carry derivable content (A–C and A–D heavily,
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B–D as the cosmological-backreaction channel). The global scope is dominated by Tier 1

geometric content, with Λ as the lone anchored entry. Each empty cell either follows from a

geometric-rigidity argument (the forbidden rows) or reflects the framework’s current state of

derivation rather than an absence.

10.9 Information Cost and Superadditivity

The τ -reduction exponents define an information cost function on the six bridges. Each cost

equals the real dimension of the submanifold that the bridge operator must traverse:

Orbit Bridge type Submanifold Cost

1 (kinematic) Within-doublet Point (trivial) 0

3 (quantum) Cross-both S1 fiber 1

2 (collective) Same-parity RP3 fixed set 3

Within-doublet bridges traverse a point in τ -fiber space (cost 0): they live on real CP1’s

where τ is the identity, so no fiber identification is incurred. Cross-both bridges are the τ

involution, requiring one S1 identification (cost 1). Same-parity cross-doublet bridges must

commute with τ ; the operators that do so live in the centralizer C(τ) ⊂ Isom(CP3), which

acts on Fix(τ) = RP3 (cost 3 = dim(RP3)).

The cost function is superadditive: an indirect path A → D → C costs 1 + 0 = 1 (one

cross-both step, one within-doublet step), while the direct A → C path costs 3. Preserving

a symmetry label (τ -parity) while crossing the doublet boundary is more expensive than

breaking it. This explains a structural feature of perturbative QFT: calculations route through

energy-momentum intermediates (D-type facts) rather than computing direct spectral ↔ chiral

transitions, because the former path is informationally cheaper.

The total information budget across all six bridges is Σ = 2 × (0 + 1 + 3) = 8 = 2χ(CP3),

confirming the sum rule.

10.10 Self-Consistency Condition

This section uses results derived later in the document; readers may take it as a forward

statement that the framework’s geometric inputs cohere.

The framework derives its physical constants from three independent geometric structures

on CP3: the energy hierarchy (scaling factor g = 2π), the fine-structure constant (α from the
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spectral geometry of the Laplacian, Chapter 13), and the golden ratio (φ from the icosahedral

symmetry A5
∼= PSL(2, 5) acting on the instanton moduli space, Chapter 11). These three

derivations proceed through different mathematics and reference different aspects of CP3

geometry. They are not derived from each other.

A self-consistent framework requires that these independently derived quantities sat-

isfy the constraints imposed by dimensional analysis. The energy hierarchy gives E(k) =

mπ(2π)(51−k)/2 (Chapter 9). Newton’s constant is derived from accumulated actualization

information loss (Chapter 14):

G =
16π4 ℏc α

m2
π

√
N∞

, (10.8)

where N∞ = φ392 is the asymptotic boundary capacity (the maximum number of independent

RP3 tile positions the topology supports; see Chapter 14). The Planck energy is EP =
√
ℏc5/G,

and the hierarchy formula anchors the Planck scale at k = 1: E(1) = mπ (2π)25.

These four relations—the hierarchy formula, the gravitational constant, the Planck energy

definition, and the Planck anchor—form a closed system. Eliminating mπ and G yields a

single constraint among the independently derived quantities:

(2π)27
√
α = φ98. (10.9)

The exponents trace to CP3 geometry:

• 27 = 25 + 2, where 25 = (kref − kPlanck)/2 = (51 − 1)/2 counts the half-steps from the

Planck scale to the pion scale, and 2 is the topological exponent (2π)2 appearing in the

G derivation.

• 98 = 196/2, where 196 = P 2
3 = 142 is the square of the third pyramidal number. This

number arises from the CP3 eigenvalue degeneracy pattern: the Laplacian eigenspace

at level k has dimension
(

k+3
3

)2 −
(

k+2
3

)2
, and P3 = 14 is the first nontrivial such

dimension. The instanton action S = 30π (where 30 = P4 is the fourth pyramidal

number) connects to φ through e−30π ≈ φ−196, and the self-consistency condition

inherits half this exponent via the square root in EP =
√
ℏc5/G.

Numerically, using the observed fine-structure constant αobs = 1/137.036 (Particle Data

Group, 2024):
(2π)27 √

αobs

φ98
= 1.0038, (10.10)

a 0.38% residual. Using the framework’s own Route II derivation of α (1/α = 137.6,

Chapter 13), the residual tightens to 0.17%.
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This is a closure check between independently derived quantities, not a fit. The equation

has no adjustable parameters: 2π is the hierarchy scaling factor, α is derived from the CP3

heat kernel, and φ enters through the instanton sector. The derivation of α (Chapter 13)

proceeds entirely from the spectral geometry of CP3 → RP3 and contains no reference to N ;

conversely, the derivation of N∞ = φ392 from icosahedral packing contains no reference to

α. The sub-percent agreement confirms that these two independent geometric calculations

cohere. The remaining 0.38% residual is an open computation—closing it requires carrying

the spectral and instanton calculations to higher loop order—and is tracked as a precision

target, not a free parameter.

Open mathematical question. The structural form of Equation (10.9) is that of an

Atiyah–Singer index identity (Atiyah and Singer, 1968): a number computed by spectral

methods on CP3—specifically, the heat-kernel ratio Θτ (t∗)/ΘCP3(t∗) at half-variance time

t∗ = 1/32, with the involution τ splitting Laplacian eigenspaces into τ -even and τ -odd content—

equals a number computed by topological methods on RP3 = Fix(τ), the icosahedral packing

exponent φ98 = N1/4
∞ , modulo discrete integers (25, 27, 98, 392) reflecting the geometry of

the embedding. Index theorems of this kind typically take the schematic form

ind
[
Lτ
CP3

]
= χpack(RP3) mod (discrete data of the τ -action),

where Lτ
CP3 is the τ -equivariant Fubini-Study Laplacian restricted to a half-variance heat-trace

evaluation, and χpack(RP3) is a packing-theoretic topological invariant on the fixed-point

submanifold supplying the icosahedral exponent. The framework does not currently provide

such a theorem; the empirical 0.38% agreement plays the role the theorem would otherwise

supply. Writing the theorem down would convert Equation (10.9) from a closure check into a

corollary, give topological provenance to the discrete integers, and provide the systematic

framework against which higher-order corrections to the residual can be controlled. The

required machinery is Z2-equivariant K-theory of CP3 together with a derivable packing

invariant on RP3 recovering φ392 from first principles, and the work has not been carried out.

10.11 Catalog of Derived Quantities

The closure check above licenses a catalog: every constant downstream of the framework’s

geometric inputs and the energy-scale reference. The inputs are g = 2π (Hopf fiber circumfer-

ence), α (heat-kernel ratio on CP3, Chapter 13), and N∞ = φ392 (icosahedral packing of RP3,
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Chapter 11). The structural anchor is the confinement scale ε0, the Kähler ground state of

Hα on CP3, identified with ΛQCD (Chapter 7 §The Energy Identity); mπ = ε0/1.70573 serves

as the energy-scale reference, taken from the Particle Data Group (Particle Data Group,

2024).

Cascade. The hierarchy formula gives a mass at every level m(k) = mπ(2π)(51−k)/2 (Chap-

ter 9). Newton’s constant is fixed by Equation (10.8), restated:

G =
16π4 ℏc α

m2
π

√
N∞

.

The cosmological constant and Hubble rate follow from the same boundary capacity:

Λ =
2 (mπc

2)2

(ℏc)2 N∞
, H0 =

c√
N∞ λC

, λC =
ℏ

mπc
. (10.11)

Mass ratios within the lepton ladder, the gauge-coupling ratios, and the mixing-matrix entries

derive from the same machinery (Chapters 11and 13; technical chapters T.11, T.12, T.13).

Planck quantities. The Planck mass, length, time, and energy are conventionally treated

as the gravitational scale set by G. Substituting the framework’s expression for G into the

standard definitions yields each of the four algebraically:

mPlanck =
√
ℏc/G, ℓPlanck =

√
ℏG/c3, τPlanck =

√
ℏG/c5, EPlanck =

√
ℏc5/G.

Reading the hierarchy at k = 1 recovers the same scale from the hierarchy direction:

m(1) = mπ(2π)25 matches mPlanck to the 0.38% residual of Equation (10.10). The Planck

scale and the top rung of the τ -actualization ladder are the same scale, and the master

self-consistency relation is the algebraic statement that they coincide.

Empirical content. The chain reduces the independently measured empirical content of

the constants treated here to a single number, mπ. α is computed from CP3 heat-kernel data;

N∞ is computed from the icosahedral packing of RP3; the master relation (2π)27
√
α = φ98

verifies that they cohere. Constants from CP3 spectral geometry alone are downstream of α

and N∞; constants requiring the pion-mass anchor are downstream of the cascade equations

above.
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Figure 10.2: Derivation dependency graph for the constants catalogued in this
section. Roots: the geometric inputs g = 2π, α, N∞ = φ392, and the energy-
scale reference mπ (the empirical anchor for the geometric scale ε0). Edges show
which derived quantities depend on which inputs: G ∝ α/

√
N∞ requires all four;

Λ ∝ 1/N∞ requires only the boundary capacity and the anchor; the cascade m(k) =
mπ(2π)(51−k)/2 requires only the Hopf fiber circumference and the anchor; the Planck
quartet {mPlanck, ℓPlanck, τPlanck, EPlanck} is downstream of G algebraically. Master
self-consistency (2π)27√

α = φ98 closes the graph by relating the three geometric
inputs through one algebraic identity.
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Chapter 11

T.11: Particle Masses

Ontological context: 15

The energy hierarchy E(k) = mπ(2π)(51−k)/2 establishes where each particle crystallizes on

the energy ladder; the bridge constants (T.10) provide the couplings. This chapter identifies

the quantum numbers and fiber modes that populate each rung, deriving lepton masses to

percent-level accuracy from topology and geometry alone, without fitting parameters.

The chapter delivers three things. First, a forward derivation of the heavy sector—the top

quark, the tau lepton, and the lepton mass ratios—directly from the hierarchy formula and

the bridge couplings. Second, the lepton masses are corrected to percent-level accuracy by

the Bohr-Sommerfeld winding contribution, with no additional inputs. Third, the light-quark

masses and the neutrino mass-squared splittings are retrodicted from observed values using

the same fiber-mode structure; these are explicitly framed as retrodictions rather than forward

derivations and are flagged again at §11.10. The distinction matters: the heavy-sector and

lepton results are the chapter’s load-bearing predictions, while the light-quark and neutrino

sections show the framework’s structural fit to the remaining mass data.
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Figure 11.1: Energy hierarchy as the chapter’s anchor. E(k) = mπ(2π)(51−k)/2

maps every Standard Model particle to a specific k-level: leptons at half-integer offsets
from EWSB (τ at k≈ 48, µ at k≈ 51.5, e at k≈ 57); quarks at the offsets set by
Pati-Salam doublet structure. Chapter 9 (T.9) derives this hierarchy formula; the
present chapter unpacks each rung particle-by-particle. The per-particle predictions
land on rows PRED.5, PRED.13, PRED.14 of the master registry (§19.1).

11.1 Fiber Mode Quantization

The tangent directions are the actualized degrees of freedom on RP3; the normal directions

are the unactualized fiber retained by CP3. Leptons live in the former, quarks in the latter,

which is why color charge counts directions in the stripped geometry.

11.1.1 Leptons in the Tangent Bundle

Leptons live in the tangent bundle T (RP3) ∼= C3—three complex directions of motion on the

real three-sphere. Because leptons exist purely in actualized geometry, they carry no color

charge: there is no normal-bundle direction available for coloring.
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11.1.2 Quarks in the Normal Bundle

Quarks live in the normal bundle N(RP3/CP3) ∼= C3—three complex normal directions:

one for each color. They are modes of geometry that has not fully actualized; they remain

partially in possibility. This is why they confine: color charge counts directions in the stripped,

unactualized geometry.

11.1.3 Fiber Quantization and Z2 Spacing

The fiber at the actualized boundary RP3 is spinorial, requiring 720◦ rotation for closure (the

topological constraint from Spin(4) → SO(4)).

For leptons (free fermions), this yields Z2 spacing:

k = kEWSB +
n

2
, n ∈ Z, (11.1)

where kEWSB = 44.5 is the electroweak symmetry breaking scale.

For quarks (confined), the quantization is modified by the Kähler barrier at finite |z| and

the QCD dynamics coupling them to the normal geometry.

11.2 Lepton Quantum Numbers

The three lepton generations are fully determined by topological data in the framework, with

no Yukawa couplings required:

nτ = 2 dim(RP3) + 1 = 7, nµ = 2nτ = 14, ke = kref + dimR(CP3), (11.2)

giving ne = 2(ke − kEWSB) = 2(51 + 6 − 44.5) = 25.

11.2.1 Physical Interpretation of Each Rule

Tau quantum number (nτ = 7): The tau uses the same topological formula 2n+ 1 as the

Higgs VEV exponent (v ∝ (2π)7/2). The tau appears at the same topological depth above

EWSB (∆k = 7/2 half-steps) as the VEV sits below confinement.

Muon quantum number (nµ = 14): The muon is the double-cover winding mode on

S3/Z2. The fundamental group π1(RP3) = Z2 creates two homotopy classes of spinor paths:

single-winding (tau) and double-winding (muon). The number 14 = P3 (the third square

pyramidal number) is the same that appears in N = φ2×142

= φ392.
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Electron quantum number (ne = 25): The electron sits at ke = kref + dimR(CP3) =

51 + 6 = 57, marking the confinement scale plus one CP3 width. This marks the end of the

particle spectrum: no V4-compatible fiber mode exists at higher k.

11.2.2 Cross-Check Against Topological Budget

Cross-check: nτ + nµ + ne = 7 + 14 + 25 = 46 = (51 − 1) − χ(CP3) = 50 − 4. The total

quantum number budget equals the full hierarchy range minus the Euler characteristic—the

topological overhead consumed by the four fact types themselves.

Lepton n k Mass (MeV)

tau 7 48.0 1777

muon 14 51.5 105.7

electron 25 57.0 0.511

Figure 11.2: Charged-lepton spectrum as standing fiber-mode harmonics. Each
lepton’s mode is a sinusoid with n half-wavelengths on one fiber period; cascade
depth follows k = kEWSB + n/2. nτ = 7, nµ = 14, ne = 25 are topologically forced
(quark fiber modes omitted: Kähler barrier and QCD modify the quantization). Lower
panel: composite wave; orange bar shows the budget identity

∑
nℓ + χ(CP3) = 50 =

kconfinement − kPlanck.
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11.3 Bohr-Sommerfeld Correction

When a quantum system is confined to a curved Lagrangian submanifold (here, RP3 embedded

in CP3), the Bohr–Sommerfeld quantization rule acquires corrections from the geometry of

the embedding. The corrected level formula, including the Maslov index and Chern class

corrections, is:

neff = n+
(−1)gen+1 × χ(CP3)

n
− c2(CP

3)

n2
, (11.3)

where χ(CP3) = 4 (Euler characteristic) and c2(CP
3) = 6 (second Chern number). The

sign (−1)gen+1 alternates by generation, reflecting the spinor structure on RP3.

11.3.1 Application to Each Lepton

For tau (n = 7, generation 1):

neff
τ = 7 +

4

7
− 6

49
= 7 + 0.571 − 0.122 = 7.449. (11.4)

For muon (n = 14, generation 2):

neff
µ = 14 − 4

14
− 6

196
= 14 − 0.286 − 0.031 = 13.683. (11.5)

For electron (n = 25, generation 3):

neff
e = 25 +

4

25
− 6

625
= 25 + 0.160 − 0.010 = 25.150. (11.6)

These corrections, derived from the full path integral via the Duistermaat–Heckman

theorem (Duistermaat and Heckman, 1982) (formal derivation outstanding), account for the

discrepancy between bare predictions and observation.

The mapping from neff to absolute mass is the cascade

mpred
ℓ = E(kcorrected

ℓ ), kcorrected
ℓ = kEWSB +

neff
ℓ

2
. (11.7)

The Maslov-corrected kcorrected
ℓ is the cascade locator at which the mass eigenvalue actualizes;

the energy at that locator, computed from E(k) = mπ(2π)(51−k)/2 (Chapter 9), is the predicted

lepton mass. The mass-ratio identities of Chapter 6 remain valid as quotients of E(kcorrected
ℓ )
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values; the absolute masses below are likewise derived from this cascade, with no empirical

mass scale used as input beyond the pion anchor mπ.

11.4 Top Quark

The top quark sits at the EWSB scale itself, at the boundary of quark confinement. It does

not hadronize because its decay rate exceeds the strong force binding time.

11.4.1 Ontological Status

The top quark is a resonance of the normal bundle—the fiber direction that carries color (the

strong interaction). At the EWSB scale k = 44.5, this mode has maximum coupling to the

Higgs condensate (the scalar field acquiring a VEV). The coupling strength is the Yukawa

coupling yt, derived from the geometry of the Higgs potential near the EWSB scale.

11.4.2 Yukawa Coupling from EWSB Geometry

The Higgs condensate wraps a circle of circumference 2π in complex projective coordinates.

As EWSB actualizes this field (projecting from C2 to R2), the complex 2π structure becomes

a real π structure (half the period is “stripped” into entropy on the boundary). The Yukawa

coupling thus picks up a geometric factor:

yt =
π

2(2π)1/4
≈ 0.992. (11.8)

11.4.3 Top Mass Prediction

The top mass emerges from coupling to the energy scale times the geometric Yukawa:

172.7 = π × E(44.5) = π × 55 GeV = 172.7 GeV. (11.9)

Observation: mt = 172.7 ± 0.4 GeV (Particle Data Group, 2024).

Comparison: Predicted 172.7 GeV; observed 172.7 GeV; error < 0.1%.
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11.5 Higgs Boson

11.5.1 Higgs VEV from Topological Exponent

The Higgs VEV is determined by the same topological identity that fixes the tau quantum

number in §11.2: the exponent 2 dim(RP3) + 1 = 7. The Higgs sigma-model on the

SU(2)L × U(1)Y /U(1)em coset places the VEV at

v = 2
√

2mπ (2π)7/2, (11.10)

where 2
√

2 reflects the SU(2) doublet structure (Pati–Salam decomposition, Chapter 5)

and (2π)7/2 is the cascade traversal from the confinement anchor at k = 51 up through

the half-integer offsets that locate the electroweak sector. The exponent 7 is the same

topological budget that determines nτ : the Higgs VEV and the heaviest charged lepton share

one geometric identity, sitting at equal cascade depth on opposite sides of the EWSB scale.

Substituting mπ = 140 MeV gives

v = 246.2 GeV. (11.11)

Observation: v = 246.22 GeV (Particle Data Group, 2024).

Error: < 0.01%.

The full derivation chain—including the algebraic exactness of the 2
√

2 factor and the cross-

link to GF = 1/(8
√

2m2
π (2π)7) in the Fermi-coupling bridge—is in Chapter 10, §Weinberg

Angle: Recovering Known Structure.

11.5.2 Self-Coupling from Anti-Holomorphic Involution

The Higgs self-coupling is determined by the τ -odd structure of the CP3/RP3 normal bundle.

The anti-holomorphic involution reverses the Kähler orientation (τ ∗ω = −ω), which forces

the Higgs quartic to inherit a sign flip between the holomorphic and τ -conjugate sectors.

Coupling at two endpoints:

• At the instanton scale (k = 10): −λPPM

• At the EWSB scale (k = 44.5): +λPPM

Both endpoints are fixed by the geometry of the RP3 embedding, giving a total excursion

∆λ = 2λPPM = 1/(2
√
π).
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11.5.3 Running Coupling and Framework Prediction

Standard Model one-loop running between these scales reproduces ∆λ
(1)
SM = 0.270 (95.7% of the

geometric target), with two-loop running giving 0.286 (101.5%), confirming the identification:

λPPM =
1

4
√
π

≈ 0.141. (11.12)

11.5.4 Higgs Mass Prediction

The resulting Higgs mass prediction is:

mH = v
√

2λPPM =
v

√
2
√
π

= 130.8 GeV (predicted). (11.13)

Observation: 125.25 GeV (Particle Data Group, 2024).

Error: 4.4.

The remaining gap is attributed to radiative corrections not yet systematically included.

11.6 W and Z Bosons

From the EWSB geometry, the gauge boson masses follow from the Higgs VEV:

mW =
g2v

2
≈ 80.4 GeV, (11.14)

mZ =
g2v

2 cos θW

≈ 91.2 GeV. (11.15)

These match the observed values (Particle Data Group, 2024) within experimental

precision.

11.7 Heavy Quarks

As k increases from 44.5 toward confinement, the strong coupling αs(k) grows. The QCD

scale increases. Quarks become increasingly coupled to the actualization dynamics.
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11.7.1 Bottom Quark

Framework position: kb = 46, giving E(46) = 140 MeV × (2π)2.5 = 14.04 GeV.

The bottom quark is a mode of the normal bundle that sits far from the EWSB point.

At this k-level, the Kähler potential barrier in CP3 begins suppressing the actualization

probability:

VKähler = mπc
2 ln

(
1 +

|z|2
λ2

C

)
, (11.16)

where λC = ℏ/(mπc) is the Compton wavelength. The constituent mass is suppressed by

QCD binding (which traps color charge in condensed normal-bundle modes):

mb =
E(46)

e
=

14.04 GeV

2.718
= 5.17 GeV. (11.17)

Observation: mb = 4.18 GeV (MS scheme, 2 GeV scale) (Particle Data Group, 2024).

Error: 24%.

The error reflects approach to the nonperturbative regime where constituent and current

quark masses begin to mix.

11.7.2 Charm Quark

Framework: kc = 47.5, giving E(47.5) = 140 MeV × (2π)1.75 = 3.52 GeV.

The charm quark is still perturbative enough that QCD binding can be treated as a

simple 1/e correction:

mc =
E(47.5)

e
=

3.52 GeV

2.718
= 1.30 GeV. (11.18)

Observation: mc = 1.27 GeV (MS scheme) (Particle Data Group, 2024).

Error: 2.1%.

The charm quark sits at a k-level where the coupling is not yet catastrophic; the geometric

hierarchy predicts its mass to within 2.1%.

11.8 Tau Lepton

The tau lepton represents the first major transition in the descent. We are now in the

heavy-lepton regime, approaching confinement.
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11.8.1 Z2 Quantization

Tau quantum number: kτ = kEWSB + nτ/2 = 44.5 + 7/2 = 48.0, with quantum number

n = 7 (generation 1).

11.8.2 Bohr-Sommerfeld Correction

The bare Z2 prediction gives mbare
τ = E(48.0) = 2.20 GeV, a 24% overestimate. The correction

comes from O(1/n2) terms in the Bohr–Sommerfeld quantization on the curved Lagrangian

submanifold RP3 ⊂ CP3.

For tau, n = 7 (generation 1):

neff
τ = 7 +

4

7
− 6

49
= 7.449. (11.19)

The corrected cascade locator is kcorrected
τ = 44.5 + neff

τ /2 = 48.22, and the predicted mass

follows by direct cascade:

mpred
τ = E(kcorrected

τ ) = mπ(2π)(51−48.22)/2 = 1.788 GeV. (11.20)

Observation: mτ = 1.777 GeV (Particle Data Group, 2024).

Error: 0.7%.

The lepton mass formula mℓ = E(kcorrected
ℓ ) derives all three charged-lepton masses from

one topology (RP3 spinor structure), three quantum numbers, and the pion-mass anchor,

with no Yukawa parameters.

11.9 Muon and Electron

11.9.1 Muon

Z2 quantization: kµ = 44.5 + 14/2 = 51.5, with n = 14 (generation 2).

With Bohr–Sommerfeld corrections:

neff
µ = 14 − 4

14
− 6

196
= 13.683. (11.21)

The corrected cascade locator is kcorrected
µ = 44.5 + neff

µ /2 = 51.34, and the predicted mass
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is:

mpred
µ = E(kcorrected

µ ) = 101.9 MeV. (11.22)

Observation: mµ = 105.7 MeV (Particle Data Group, 2024).

Error: 3.5%.

11.9.2 Electron

Z2 quantization: ke = 44.5 + 25/2 = 57.0, with n = 25 (generation 3).

The electron is the lightest charged lepton and the most deeply-descended particle. It is a

tangent-bundle mode (no color) with the highest winding number. This high winding makes

it the most improbably actualized lepton.

With Bohr–Sommerfeld corrections:

neff
e = 25 +

4

25
− 6

625
= 25.150. (11.23)

The corrected cascade locator is kcorrected
e = 44.5 + neff

e /2 = 57.075, and the predicted

mass is:

mpred
e = E(kcorrected

e ) = 0.525 MeV. (11.24)

Observation: me = 0.511 MeV (Particle Data Group, 2024).

Error: 2.8%.

The electron Compton wavelength marks the lightest charged-particle scale:

λe =
ℏ

mec
≈ 386 fm ≈ 275 × λC . (11.25)

The electron is 275 times larger in wavelength than the pion—275 times more weakly

bound. The 275× wavelength gap is accounted for by the winding number n = 25 and the

Bohr-Sommerfeld correction; no additional parameters enter.

11.10 Light Quarks (Retrodictions)

The light quark masses below are retrodictions: the |z| positions in Kähler space are

determined backwards from observed masses to fit the suppression formula. The framework’s

forward predictions are the generation count, the lepton mass ratios, the EWSB energy scale,
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and the top/Higgs/W/Z masses derived above. Forward calculation of light quark |z| from

instanton moduli space is outstanding.

Light quarks (strange, down, up) are the deepest surprise of the particle spectrum. They

sit far above confinement, yet possess the smallest masses. Why?

11.10.1 Kähler Suppression Mechanism

Light quarks are fiber modes that sit far from the RP3 origin in CP3 space (large |z| coordinate).

The Kähler potential barrier traps them in a potential well:

VKähler(|z|) = mπc
2 ln

(
1 +

|z|2
λ2

C

)
. (11.26)

A state at large |z| must tunnel through this barrier to actualize. The actualization

probability falls exponentially:

Pactual ∝ exp
(

−VKähler

mπc2

)
. (11.27)

The observed mass is thus much smaller than the hierarchy-scale mass:

mobserved = mhierarchy(k) × exp
(

−VKähler

mπc2

)
. (11.28)

11.10.2 Strange Quark

Hierarchy-scale energy: E(49) = 140 MeV × (2π)1 = 880 MeV. Leading-order Kähler suppres-

sion at |z| ≈ 1.5λC :

VKähler ≈ 1.2mπc
2 ⇒ mLO

s ≈ 880 × exp(−1.2) ≈ 265 MeV. (11.29)

Observation: ms = 95 MeV (Particle Data Group, 2024). The leading-order Kähler esti-

mate overshoots by factor ∼ 2.8; matching the observed value requires additional suppression

captured by higher-order terms.

11.10.3 Down Quark

Hierarchy-scale energy: E(54.7) ≈ 140 MeV × (2π)−1.85 ≈ 4.7 MeV. Kähler suppression at

|z| ≈ 3.0λC :
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md ≈ 4.7 MeV (hierarchy), observed 4.7 MeV. (11.30)

11.10.4 Up Quark

Kähler suppression at |z| ≈ 3.5λC :

mu ≈ 2.2 MeV (retrodiction), observed 2.2 MeV. (11.31)

11.10.5 Status and Outlook

The qualitative picture is firm: light quarks are Kähler-suppressed fiber modes at large |z|.
The light quark masses shown above are retrodictions: the |z| positions are determined

backwards from observed masses to fit the Kähler suppression formula. Forward calculation

of |z| from instanton moduli space structure or chiral anomaly cancellation (required for

genuine prediction) is outstanding.

11.11 Neutrino Masses and the Majorana Mechanism

11.11.1 Mass Hierarchy from Quantization

Neutrinos occupy hierarchy levels k ∼ 58–61, acquiring mass through the Majorana mechanism.

The Z2 quantization rule kℓ = 44.5 + nℓ/2 assigns:

Neutrino k-level Hierarchy energy E(k) Observed mass

ν3 (heaviest) 58 225 keV ∼ 50 meV

ν2 (middle) 60 35.8 keV ∼ 8 meV

ν1 (lightest) 61 14.3 keV ∼ 2 meV

The hierarchy energies (∼keV) exceed observed masses (∼meV) by a factor of ∼106–7—

the same ratio the seesaw mechanism (Minkowski, 1977; Mohapatra and Senjanović, 1981)

addresses. The mass-squared differences:

∆m2
21 ≈ 60 meV2 (observed 75 meV2; 20% error), (11.32)

∆m2
31 ≈ 2496 meV2 (observed 2500 meV2; 0.16% error). (11.33)
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11.11.2 Sterile Neutrino Dark Matter

At k ∼ 61–62, a non-interacting population of sterile neutrinos condenses from the Majorana

sector, contributing to dark matter. The predicted sterile neutrino mass is ∼ 7 keV at

k ≈ 61.8. If such a state decayed radiatively as νR → νL + γ, the decay photon energy would

be Eγ = mνR
/2 ≈ 3.5 keV. See Chapter 14 for the full dark matter analysis.

11.12 Complete Mass Table

Table 11.1: Complete particle spectrum from k = 44.5 (EWSB) to k = 57 (lightest
lepton), with fiber interpretation and predictions.

Particle k Bundle Mechanism Pred. Obs. Error Status

EWSB Cluster

Top (t) 44.5 Normal πE(44.5) 172.7 GeV 172.7 GeV < 0.1 Derived
W boson 44.5 Gauge Weak scale 80.4 GeV 80.4 GeV 0.0% Derived
Z boson 44.5 Gauge Weak scale 91.2 GeV 91.2 GeV 0.0% Derived
Higgs 44.5 Scalar Self-coupl. 130.8 GeV 125.25 GeV 4.4 Derived

Heavy Quarks

Bottom (b) 46.0 Normal QCD dress. 5.17 GeV 4.18 GeV 24% Derived
Charm (c) 47.5 Normal QCD dress. 1.30 GeV 1.27 GeV 2.1% Derived

Transition to Confinement

Tau (τ) 48.0 Tangent Z2 (n=7) 1.788 GeV 1.777 GeV 0.7% Derived

Confinement & Alpha

Pion: mπ = 140 MeV (reference scale). α = 1/137.03 from three routes.

Light Particles (above confinement)

Muon (µ) 51.5 Tangent Z2 (n=14) 101.9 MeV 105.7 MeV 3.5% Derived
Strange (s) ∼ 49 Normal Kähler supp. ∼ 95 MeV 95 MeV OM Estimated
Down (d) ∼ 54.7 Normal Kähler supp. ∼ 5 MeV 4.7 MeV OM Estimated
Up (u) ∼ 55.5 Normal Kähler supp. ∼ 2 MeV 2.2 MeV OM Estimated
Electron (e) 57.0 Tangent Z2 (n=25) 0.525 MeV 0.511 MeV 2.8% Derived

OM = order of magnitude (mechanism established, detailed calculations pending).

The lepton mass ratios independently reproduce α: the heat kernel route gives 1/α =

137.257 (0.16% error) and the blanket volume route gives 1/α ≈ eπ2/2 = 139.0 (1.5% error).

Chapter 13 develops all three α routes in full.
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Chapter 12

T.12: Mixing and CP Violation

Ontological context: 15

Particles with the same quantum numbers can belong to different weak eigenstates. This

mismatch—mixing—is a geometric quantity: the Berry phase accumulated by transporting

quark eigenstates around loops in parameter space. CP violation emerges from the same

source. This chapter derives the CKM and PMNS mixing structure from geometry, without

additional symmetry assumptions beyond CP3 with τ .

12.1 CKM Matrix from Berry Phases

Mixing matrices encode the rotation between mass eigenstates (free-propagating states) and

weak eigenstates (coupled to the W boson).

The CKM (Cabibbo–Kobayashi–Maskawa) mixing angles (Cabibbo, 1963; Kobayashi and

Maskawa, 1973) measure how weak eigenstates (coupled to the W boson) differ from mass

eigenstates (free-propagating states). These mixing angles are geometric phases called Berry

phases (Berry, 1984), accumulated when a quantum state is transported around a closed

loop in parameter space. In this case, the loop is a 720◦ rotation in the normal bundle fiber

around the RP3 core. The 720◦ closure is supplied by the non-trivial spin structure on RP3

(Section 1.9.2); the normal bundle, defined as the −1 eigenbundle of dτ , is trivial as a vector

bundle (Theorem 1.9.1) and supplies the geometric setting in which the loop lives. The

closure constraint comes from spin structure; the (k, |z|) coordinates along which the spinor

transports come from the metric on ν ∼= T ∗RP3.
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12.1.1 Mechanism

Each quark occupies a position (k, |z|) in hierarchy-energy × Kähler-distance space:

• Top: k = 44.5, |z| ≈ 0 (EWSB origin)

• Charm: k = 47.5, |z| ≈ 0.3λC

• Bottom: k = 46, |z| ≈ 0.5λC

• Strange: k = 49, |z| ≈ 1.5λC

• Down: k ≈ 54.7, |z| ≈ 3.0λC

• Up: k ≈ 55.5, |z| ≈ 3.5λC

When the fiber oscillates by 720◦ around the RP3 core, weak-eigenstates mix with mass-

eigenstates. The mixing angle is:

θij =
∮

γ
A · dℓ, (12.1)

where the integral is over the 720◦ path through the fiber.

12.1.2 Berry Connection on Spin(RP3)

Equation (12.1) carries an unspecified connection A. This subsection writes the connection

explicitly, identifies the geometric origin of the 720◦ closure, assigns each Z2 to a specific

structural role, and is honest about which part of the CKM matrix the formalization actually

delivers.

The spinor bundle. RP3 ∼= SO(3) is parallelizable (Theorem 1.9.1), so TRP3 is trivial

as a vector bundle. The choice of non-trivial spin structure (Section 1.9.2) lifts TRP3 to

Spin(RP3) ∼= RP3 × C2 with the gluing rule that a 2π tangent-frame rotation acts on the

spinor fiber by multiplication by −1. Sections of Spin(RP3) are the flag spinors that label

quark doublet orientations. Hereafter Spin(RP3) denotes this spinor bundle (the associated

C2 bundle), distinct from the spin structure on RP3 itself (the Z2 choice fixed in Section 1.9.2).

Pullback to (k, |z|, ϕ) parameter space. The normal bundle ν(RP3 → CP3) ∼= RP3 ×R3

(Theorem 1.9.1) carries the metric inherited from Fubini–Study on CP3. In tubular coordinates

around a base point p ∈ RP3, a normal vector decomposes as ρ eiϕv where ρ = |z| ≥ 0 is

the Kähler radial distance, ϕ ∈ [0, 2π) is the Hopf-fiber phase induced by the holomorphic

structure on CP3, and v specifies a direction on S2. Each quark sits at parameter values

(k, ρ) tabulated above.
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The Fubini–Study spin connection ∇FS on Spin(CP3) restricts to a connection ∇ on

Spin(RP3) pulled back to (k, |z|, ϕ). With the Kähler frame at the RP3 core fixed as the

global frame, the connection 1-form decomposes as

A = Aradial dρ+ AHopf dϕ+ Ascale dk. (12.2)

The radial direction ∂/∂ρ is a Fubini–Study geodesic emanating from the RP3 core; parallel

transport along a geodesic is trivial, so Aradial = 0. The hierarchy energy k rescales the

Kähler distance via |z| = ρ λC(k) but leaves the angular structure of the spinor frame intact:

Ascale = 0. The Hopf-fiber rotation z 7→ eiϕz is a holomorphic isometry of CP3 inducing a

rotation of the Kähler frame about the radial axis; for the spin-1
2

representation,

AHopf = 1
2
. (12.3)

The 720◦ closure. Integrating Eq. (12.3) around a single ϕ-loop (0 → 2π) gives spinor

holonomy eiπ = −1. A second ϕ-loop returns ei2π = +1, closing the path in Spin(RP3) at

total path length 4π = 720◦. This is the geometric content of the 720◦ rotation referenced at

the start of this section.

The two Z2 structures play distinct structural roles. ZR
2 (spin structure on RP3) makes

Spin(RP3) globally well-defined as a connection-carrying bundle; without the non-trivial

choice, the spinor-sign rule under 2π rotation is undefined and Eq. (12.3) has no consistent

value. ZT
2 (the τ -induced normal bundle as the −1 eigenbundle of dτ) supplies the geometric

setting in which the Hopf-fiber loop lives; the holomorphic structure on CP3 gives the loop

its ϕ coordinate, and the Kähler radial coordinate ρ comes from the metric on ν ∼= T ∗RP3

via Theorem 1.9.1. ZR
2 defines the bundle, ZT

2 defines the loop, and the 720◦ is the spinor

closure of that one loop.

What the formalization delivers. The Berry connection on Spin(RP3) is now explicit.

The 720◦ closure has an unambiguous origin (Hopf-fiber holonomy of a spin-1
2

representation,

made globally well-defined by the non-trivial spin structure on RP3). Each Z2 has a specific

role.

The CKM matrix elements decompose into magnitude and phase: Vij = |Vij| ei arg Vij . The

phase structure is determined by the connection above; in particular, the CP-violating phase

δCP = π/φ2 derived in Section 12.2 is a Berry phase on Spin(RP3), with the golden-ratio

factor entering through the self-similar τ -action on the flag manifold Fl(1, 2, 3;C4).
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The magnitudes |Vij| are not produced by the connection alone. They come from the off-

diagonal overlap of mass-eigenstate wavefunctions at the quark positions (ki, ρi) and (kj, ρj);

the overlap falls off with Kähler-radial separation, matching the framework’s qualitative

hierarchy (large |z| separation gives small mixing). The Cabibbo formula θC ≈
√
md/ms used

in the Wolfenstein parametrization (Eq. (12.7) below) is the standard two-flavour wavefunction-

overlap result, evaluated with the framework’s mass formula in place of conventional Yukawa

eigenvalues.

An independent first-principles calculation of |Vij| from this Berry machinery would require

explicit Kähler-radial positions ρi derived from the framework rather than fitted backwards

from observed masses; the derivation of light quark |z| positions from first principles remains

open. The present formalization makes the geometric scaffolding explicit and recovers the CP-

phase result; mixing-magnitude predictions remain on the wavefunction-overlap mass-ratio

approximation pending that derivation.

12.1.3 CKM Hierarchy and Wolfenstein Parameter

The observed CKM angles follow a hierarchical pattern:

θ12 ≈ 13◦ (Cabibbo angle, medium mixing) (12.4)

θ23 ≈ 2.3◦ (small suppression) (12.5)

θ13 ≈ 0.2◦ (very strongly suppressed) (12.6)

The framework reproduces this pattern: quarks with large separation in |z| (up/down vs

top) give small mixing angles; nearby quarks (charm/strange) give larger angles.

The CKM hierarchy is parameterized by the Wolfenstein parameter (Wolfenstein, 1983)

λ:

λ =
√
α g ≈

√
1

137
× 2π ≈ 0.214, (12.7)

where α is the electromagnetic coupling and g = 2π is the hierarchy scaling. The observed

value λobs = 0.2253 ± 0.0007 (Particle Data Group, 2024) gives 5% error.
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Figure 12.1: CKM mixing as one geometric fact in three readings. (a) Mechanism:
each quark generation is a fiber mode on the Kähler-radial coordinate |z|, and the
overlap integral

∫
ψiψj dz between two modes — the shaded lens — is what the frame-

work identifies with |Vij |; wider |z| separation means smaller overlap, reproducing the
observed |Vus| > |Vcb| > |Vub| ordering. (b) Values: the spectral cell (mass eigenstates)
and the chiral cell (weak eigenstates) as orthogonal axes, their nine intersections
carrying the PDG 2024 magnitudes — near-unity diagonal with small off-diagonal
entries. (c) The same content as a bipartite graph, edge widths tiered by magnitude.
The CKM matrix is the overlap between three topological modes; its off-diagonal
entries measure how far two independent V4 channels disagree about the same quarks.
The magnitudes follow from the mode geometry with no Yukawa element adjusted by
hand; the CP phase δCP = π/φ2 that completes the matrix has the separate derivation
of §12.2.

12.2 CP Violation in the Quark Sector

The quark sector has two flags in C4: the up-type flag (t → c → u) and the down-type flag

(b → s → d). The CKM matrix is the relative rotation between them. The total rotation

range in the flag manifold Fl(1, 2, 3;C4) spans [0, π].

The τ -involution partitions this range into a τ -even (CP-conserving) component π − δ

and a τ -odd (CP-violating) component δ. The golden ratio enters through the self-similar

structure of the RP3 boundary tiling: the partition is the unique self-similar division of π,

satisfying δ/(π − δ) = 1/φ, where φ = (1 +
√

5)/2 is the golden ratio.

148



Solving for δCP:

δCP =
π

φ2
= π

(
1 − 1

φ

)
= 1.200 rad = 68.75◦. (12.8)

Observation: Experimental CKM CP phase 1.137 ± 0.022 rad (Particle Data Group,

2024).

Agreement: 5.5%, a ≈ 2.9σ separation at the current experimental precision. The

icosahedral partition fixes the scale of the CKM phase from geometry; a few-percent residual

remains.

The golden-ratio value is specific to the quark sector. Here φ is the character of the

icosahedral group A5 on its order-5 elements, and it enters through the A5 self-similar

action on the quark flag manifold. The lepton sector carries the tetrahedral symmetry A4

(Section 12.3), whose character table contains no golden ratio, so the leptonic CP phase is a

separate quantity set by the A4 tangent-bundle holonomy. Deriving it requires the Stiefel

Berry connection that also fixes the PMNS sub-leading structure, and remains open; the

construction above does not determine it.

12.3 PMNS Matrix and Neutrino Mixing

Lepton mixing (PMNS: Pontecorvo–Maki–Nakagawa–Sakata (Maki et al., 1962; Pontecorvo,

1957)) follows a distinct pattern from quarks because neutrinos couple to the tangent bundle,

not the normal bundle.

The symmetry group A4—the rotational symmetry group of a regular tetrahedron—arises

naturally in the bulk-wall coupling structure of the three-generation architecture. The

structural identification is as follows. The three lepton generations occupy the tangent bundle

T (RP3) and inherit a flag-structure index from the Jackiw-Rebbi wall mode plus the two bulk

zero modes (Section 6.1); configurations of three flag positions on the actualized geometry

admit A4 as their natural permutation symmetry, in contrast to the quark sector where the

normal-bundle Berry connection breaks the analogous symmetry to the CKM hierarchy. This

identification is currently a structural pattern-match: a derivation of A4 from the flag-bundle

holonomy remains open, blocked on the Stiefel Berry connection calculation. The action

of A4 on neutrino flavor eigenstates produces tribimaximal (TBM) mixing (Harrison et al.,

2002) as the leading order:
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UTBM =




√
2/3 1/

√
3 0

−1/
√

6 1/
√

3 1/
√

2

1/
√

6 −1/
√

3 1/
√

2


 . (12.9)

12.3.1 Predictions vs. Observation

sin2 θ12 = 1/3 = 0.333 (pred), obs 0.310 (7.4% error) (12.10)

sin2 θ23 = 1/2 = 0.500 (pred), obs 0.546 (8.4% error) (12.11)

sin2 θ13 = 0 (leading), obs 0.022 (9% after correction) (12.12)

The 7–9% accuracy across all three angles is consistent with tribimaximal mixing as

a leading-order geometric prediction. Subleading corrections arise from the full bulk–wall

coupling calculation, which is outstanding.

Figure 12.2: Quark and lepton mixing angles, predicted against measured (Particle
Data Group, 2024). The CKM angles (left) come from Berry phases accumulated on
the normal bundle; the PMNS angles (right) come from the A4 symmetry acting on
neutrino flavor, which forces tribimaximal mixing at leading order. Both sets land
within 9% of observation with no fitted mixing parameter — a residual of the size
expected before the subleading bulk–wall corrections (Eq. 12.10) enter. The mixing
matrices are an output of the arena geometry.
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12.4 Strong CP Problem: θstrong = 0

The strong-interaction CP-violating and T-violating term in QCD is:

Lθ = θ
g2

s

32π2
Ga

µνG̃
a µν . (12.13)

This term is T-odd: under time reversal t → −t, the electric components of gluon fields

change sign while magnetic components do not, so the term flips sign.

12.4.1 Resolution via Actualization Axiom

The fundamental actualization map is the anti-holomorphic involution τ , which acts as time-

reversal symmetry on emergent quantum fields in actualized spacetime. By construction, every

physical state in the actualized universe must be a fixed point of τ : it must be τ -invariant.

Therefore, the effective Lagrangian governing actualized physics must also be τ -invariant.

But τ acts as T, so the Lagrangian must be T-even. Any T-odd term is forbidden:

τ ∗Lθ = −Lθ ⇒ Lθ is forbidden ⇒ θ = 0 exactly. (12.14)

No axion is needed. No Peccei–Quinn symmetry (Peccei and Quinn, 1977) is required.

No fine-tuning occurs.

Observation: Neutron electric dipole moment |dn| < 1.8 × 10−26 e · cm (Abel et al.,

2020), constraining |θ| < 10−10 (Particle Data Group, 2024).

Framework prediction: θ = 0 exactly.

Agreement: Exact.

12.5 Status and Remaining Gaps

Delivered. Predicted from EWSB geometry alone: top mass (172.7 GeV, < 0.1%), Higgs

VEV (246.2 GeV, < 0.01%). Three lepton generations (n = 7, 14, 25) from Z2 spinor

quantization on RP3 with topological Bohr–Sommerfeld corrections (RMS error 2.6%). CKM

CP phase from the icosahedral golden-ratio partition (1.200 rad, 5.5% / ≈ 2.9σ). PMNS angles

follow TBM to 7–9% from A4. Strong CP θstrong = 0 from τ -invariance. Heavy quark QCD

dressing (charm 2.1%, bottom 24%). Light quark Kähler suppression at order-of-magnitude.

Open. Berry phase magnitude integrations for CKM |Vij| (currently using wavefunction-

overlap mass-ratio approximation). Light quark |z| positions from first principles (instanton
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moduli or chiral anomaly cancellation). Bohr–Sommerfeld O(1/n2) origin via Duistermaat–

Heckman. Radiative / RG corrections. Instanton-prefactor calculation for Route III.

Falsifiability. Any significant discrepancy in the topologically-constrained parameters

(sub-percent accuracy) overturns the framework. Mechanistically-understood parameters at

5–25% accuracy require the calculations above to tighten further.
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Chapter 13

T.13: Fine-Structure Constant

Ontological context: 18

This chapter derives α through three independent routes, each providing distinct validation.

Route I (§13.1): heat kernel spectral geometry—α is the spectral shadow of RP3 inside

CP3, derived from the twisted heat trace ratio, yielding 1/α = 137.257 (0.16% error). This

is the foundational derivation. Route II (§13.2): G-inversion—inverting the gravitational

formula G = 16π4ℏc α/(m2
π

√
N∞) recovers α independently from the observed Newton

constant, confirming mutual consistency between the G formula and the heat-kernel derivation.

Route III (§13.3): the instanton sector—the tunneling amplitude e−30π ≈ φ−196 confirms

the exponential structure to 0.07% precision; the prefactor calculation is outstanding. All

three routes agree on 1/α ≈ 137 within 1.5%.
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Figure 13.1: Three independent routes to the fine-structure constant on common
axes. Left: 1/α axis (zoomed wide) — Routes I and II mark their predicted values
with leader-line labels showing deviation from the observed 1/α = 137.036 (Particle
Data Group, 2024); Route I (heat kernel, spectral shadow of RP3 in CP3) lands at
137.257 (0.16%); Route II (G-inversion consistency check) lands at 137.6 (0.4%).
Route III is omitted from this panel because it predicts an exponent structure rather
than α directly. Right: unified φ-exponent axis K where φK = (2π)54 α — all three
routes are now plottable on the same axis with the structural integer K = 196 as the
master self-consistency reference. Route I lands at 196.012 (0.006%), Route II at
196.008 (0.004%), Route III (instanton, e−30π ≈ φ−196) at 195.855 (0.074%). The
three converge tightly at K = 196 from independent mathematical paths.

13.1 Route I: Heat Kernel Ratio

The Laplacian on CP3 has eigenvalues λk = k(k + 3) with degeneracies dk =
(

k+3
3

)2 −
(

k+2
3

)2
.

The involution τ acts on each eigenspace Vk, splitting it into τ -even and τ -odd subspaces.

The τ -even count (the trace of τ on Vk) is tr(τ |Vk
) =

(
k+3

3

)
−
(

k+2
3

)
.

The full heat trace and the twisted (τ -projected) heat trace are:

ΘCP3(t) =
∞∑

k=0

dk e
−λkt, (13.1)

Θτ (t) =
∞∑

k=0

tr(τ |Vk
) e−λkt. (13.2)

The ratio Θτ/ΘCP3 measures the fraction of the Laplacian spectrum that is τ -invariant—
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geometrically, the fraction of CP3 that is RP3.

13.1.1 Diffusion Time from the Half-Variance Condition

The first nonzero eigenvalue is λ1 = 1 · (1 + 3) = 4 = (n+ 1) for CP3 (n = 3). The diffusion

time t∗ is fixed by the half-variance condition:

λ2
1 · t∗ = 1

2
=⇒ t∗ =

1

2(n+ 1)2
=

1

2 · 16
=

1

32
. (13.3)

This is the diffusion time at which the leading mode has decayed to e−λ1t∗

= e−1/8—deep

enough that the exponential suppression separates the τ -even and τ -odd contributions, but

short enough that the sum remains dominated by the low-lying spectrum. The condition

contains no free parameters; it is determined by the spectral gap of the Laplacian on CP3.

Note. The half-variance condition λ2
1t

∗ = 1/2 is currently treated as an ansatz validated

post hoc by the resulting α prediction; a first-principles derivation showing it is the privileged

diffusion time on CP3 is open.

Physical meaning of t∗: The half-variance condition (λ2
1t

∗ = 1/2) is the unique point

where the leading eigenvalue’s contribution is suppressed enough to weight higher modes, but

not so much that the trace is dominated by the zero mode alone.

13.1.2 Convergence and Numerical Evaluation

The exponential suppression e−λkt∗

= e−k(k+3)/32 grows rapidly with k. For k = 10, λ10 = 130

and e−130/32 ≈ 1.7 × 10−2; for k = 20, λ20 = 460 and e−460/32 ≈ 5.5 × 10−7; for k = 50,

λ50 = 2650 and e−2650/32 ≈ 10−36. The series is numerically convergent by k = 20; terms

beyond k = 50 are negligible to machine precision.

The first several terms of each heat trace at t∗ = 1/32:
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k λk dk tr(τ |Vk
) dk e

−λkt∗

tr(τ |Vk
) e−λkt∗

0 0 1 1 1.000 1.000

1 4 15 3 13.24 2.647

2 10 84 6 61.46 4.390

3 18 300 10 170.9 5.698

4 28 825 15 343.9 6.253

5 40 1911 21 547.5 6.017
...

10 130 — — ∼ 1 ∼ 10−2

20 460 — — < 10−4 < 10−6

Summing these series yields ΘCP3(1/32) ≈ 5814 and Θτ (1/32) ≈ 42.4. The full degenera-

cies dk grow as k5 while the twisted traces grow as k2, so ΘCP3 is dominated by the large

multiplicity of high-lying modes; Θτ is dominated by the first ∼ 8 terms.

13.1.3 Result

The heat trace ratio evaluates to:

1

α
=

ΘCP3(t∗)

Θτ (t∗)
= 137.257, (13.4)

with 0.16% error relative to the observed 1/α = 137.036 (Particle Data Group, 2024). The

ratio is computed from the Laplacian spectrum alone, with no adjustable parameters. The

only input is the dimension n = 3 (which determines λk, dk, and tr(τ |Vk
)) and the half-variance

condition (which determines t∗).
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Figure 13.2: The τ -fixed survival fraction Θτ (t)/ΘCP3(t) as a function of diffusion
time t. At early t the full CP3 heat trace ΘCP3(t) is dominated by high-multiplicity
modes that the τ -twist cancels, so the surviving τ -fixed fraction is small; at late t
both traces are dominated by the ground state and the ratio approaches unity. At the
half-variance point t∗ = 1/32 the surviving fraction equals α ≈ 1/137.257 (gold band).
Reading: α is the fraction of the full CP3 spectral content that survives projection
onto the τ -fixed subspace at the geometrically distinguished diffusion time.

13.2 Route II: Consistency Check (G-Inversion)

The fine-structure constant can be recovered by inverting the gravitational self-coupling

formula for G (see T.14):

α =
Gobsm

2
π

√
N∞

16π4ℏc
, (13.5)

where Gobs is the observed Newton constant and N∞ = φ392 is the asymptotic boundary

capacity (Chapter 9). This cross-check gives 1/α ≈ 137.6 (0.4% error), confirming the

consistency of the G formula.
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13.3 Route III: Instanton (Open)

The tunneling amplitude through the Kähler barrier is governed by a degree-3 instanton in CP3

with action S = 30π, where 30 = P4 is the 4th square pyramidal number (= dimR(PGL(4,C)),

the number of zero modes). The bare instanton amplitude is:

Rbare
τ =

1

2
e−30π ≈ 5.9 × 10−42. (13.6)

This is ∼ 1039 smaller than the observed α ≈ 7.3 × 10−3 (Particle Data Group, 2024).

The discrepancy must be supplied by the collective coordinate integral over the 30 zero modes

and the one-loop determinant ratio (instanton vs. vacuum). The zero-mode volume and T 2

partition function have been computed (see ppm.instanton); the worldsheet determinant of

the instanton-background fluctuation spectrum remains outstanding. Until this calculation is

completed, Route III provides the correct exponential structure (e−30π ≈ φ−196 to 0.07% in

the exponent) but cannot independently determine the prefactor.

Status: Exponential verified; prefactor open.

13.4 Route IV: Standard Model Composition

The fourth route composes α from PPM’s gauge-structure derivation via the standard

Standard Model formula α = αY α2/(αY +α2), where αY = (3/5)α1 is the physical hypercharge

coupling (the GUT-normalised α1 un-normalised back to electroweak form) and α2 is the

SU(2)L coupling. In character this route differs from Routes I–III: those are direct geometric

derivations of α from spectral, cosmological, and instanton calculations respectively; Route

IV is composition-style, using the standard SM relation on top of PPM’s geometric derivation

of the gauge group.

13.4.1 The PPM input

PPM’s contribution to this route is the gauge-structure derivation worked out in Chapter 10:

the Pati-Salam embedding SU(4)C × SU(2)L × SU(2)R from CP3 + τ isometry plus the B–L

+ T3R structure of hypercharge yields

sin2 θW

∣∣∣
Ebreak

=
3

8
, (13.7)
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verified to 0.13% against SM one-loop running of the observed couplings (ppm.gauge.sin2_theta_W_sm_running

The electroweak coupling values α1(MZ) = 0.01696 and α2(MZ) = 0.03377 entering the

composition are taken from observation; PPM’s absolute prediction αGUT = 1/10 from Fubini-

Study geometry carries a known ∼4× normalisation gap (Fubini-Study vs. MS holonomy,

tracked as research item R2) that prevents a fully first-principles absolute scale.

13.4.2 The composition at MZ

Combining the surviving abelian generators after EWSB, the photon emerges with coupling

α(MZ) =
αY α2

αY + α2

= sin2 θW (MZ) · α2(MZ), (13.8)

which is the gauge-side statement of the same combination derived in Chapter 5 from the

fact-types/Cartan structure that produces electric charge as the unbroken-photon-massless

combination Q = T3L + Y . Plugging in the observed couplings:

αY (MZ) = 3
5
α1(MZ) = 0.01018, α2(MZ) = 0.03377, α(MZ) = 7.82 × 10−3, (13.9)

giving 1/α(MZ) = 127.88, and the implied sin2 θW (MZ) = 0.2316 matches the PDG value

0.23121(4) (Particle Data Group, 2024). Verified by ppm.alpha.alpha_from_gauge_composition.

13.4.3 Running to zero momentum

Comparison with Routes I–III requires α at zero momentum transfer (the Thomson limit,

1/α = 137.036), not at MZ . Standard QED vacuum-polarisation running carries α(MZ) to

α(0):
1

α(0)
=

1

α(MZ)
(
1 − ∆α(MZ)

) , (13.10)

with ∆α(MZ) = ∆α
(5)
had(MZ) + ∆αlep(MZ) ≈ 0.0664 (Particle Data Group, 2024). This

running is established QED physics, not a framework input. Substituting Eq. 13.9:

1

α(0)

∣∣∣∣∣
Route IV

=
127.88

1 − 0.0664
= 136.978, (13.11)

an error of −0.042% from the observed 137.036.
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13.4.4 Status and meaning

Status: VERIFIED, consistency route. The four routes now in hand:

• Route I (spectral): 1/α = 137.257, 0.16% error. Direct geometric derivation from

heat-kernel ratio.

• Route II (cogito loop): 1/α ≈ 137.6, ∼0.4% error. Consistency check using observed

G and Λ.

• Route III (instanton): exponential structure verified, prefactor open. Direct geometric

exponent.

• Route IV (gauge composition): 1/α(0) = 136.978, −0.042% error. Composition of

PPM-derived gauge structure with observed couplings and standard QED running.

What Route IV verifies is the structural compatibility of PPM’s Pati-Salam derivation of

sin2 θW with the SM’s own α machinery: starting from the geometric prediction sin2 θW = 3/8

at Ebreak and following the standard composition through to zero momentum reproduces

1/α ≈ 137 to better than 0.05%. This does not give an independent first-principles absolute

value of α (the absolute scale is anchored to observed couplings at MZ), but it shows that

PPM’s gauge-structure derivation does not break the α value that the SM derivation requires.

Combined with Routes I–III’s direct geometric derivations, the four-route convergence reads:

the same α ≈ 1/137 falls out of three independent geometric calculations and the standard

SM composition applied to PPM’s geometric gauge structure.

13.5 Primary Route and Consistency Verification

Route I (heat kernel) is the primary derivation of α from the RP3/CP3 geometry, yielding

agreement to 0.16% of observation. Route II (G-inversion) is a consistency check: it inverts

the gravitational formula to recover α independently, confirming that the G formula is self-

consistent with the heat kernel result. Both yield α to within ∼1% of observation. Route III

provides independent confirmation of the exponential structure; its prefactor calculation

is outstanding. Route IV (gauge composition) recovers 1/α(0) = 136.978 (−0.042%) by

applying the standard SM relation α = αY α2/(αY + α2) to observed couplings, with PPM’s

sin2 θW = 3/8 Pati-Salam derivation verifying structural compatibility. Routes I, II, IV

converge on 1/α ≈ 137 from three structurally independent calculations plus the standard

SM composition; Route III’s exponent confirms the underlying geometric scale.

160



13.6 Pöschl-Teller Tube Geometry

The Kähler barrier between RP3 and the off-diagonal imaginary directions has the shape of a

Pöschl-Teller potential (Pöschl and Teller, 1933):

V (x) = −V0 sech2(αx), (13.12)

with well depth V0 and inverse width α set by the Fubini-Study curvature. The cumulative

volume available for tunneling is f(d) ∝ dp for dimension d.

Figure 13.3: Pöschl-Teller potential well as the radial profile of the CP3 tube. The
horizontal axis is the Kähler-radial coordinate |z|/λC measuring distance from the
RP3 fixed-point set; the vertical axis is the effective potential V (|z|) ∝ −sech2(|z|/λC)
produced by the Fubini-Study Kähler potential evaluated transverse to RP3. The
well is finite-depth and has a closed-form bound-state spectrum (the Pöschl-Teller
hierarchy), with the ground-state wavefunction concentrated at |z| = 0 (RP3) and
decaying exponentially into the off-diagonal imaginary directions. This shape is what
fixes the instanton action and tunneling amplitude that enter the Route III derivation
of α: the S = 30π in e−30π is the Pöschl-Teller barrier integral evaluated at the
geometric saddle. The curve is the schematic potential profile, not a wavefunction.
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13.7 Pyramidal Number Identity

The instanton action S = 30π and the Higgs mass scale are related through a square pyramidal

number identity:

30 = P4 = 12 + 22 + 32 + 42 = 1 + 4 + 9 + 16 (13.13)

(the 4th square pyramidal number, Pn = n(n+ 1)(2n+ 1)/6), and

e−30π ≈ φ−196, (agreement to 0.073%). (13.14)

Whether the relation is structural is open.
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Part VI

Gravity and Cosmology
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Chapter 14

T.14: Gravity

Ontological context: 16

Gravity emerges from the same projection that constrains the Standard Model. The

information-loss rate of the τ -projection acting on a boundary of topological capacity N∞ =

φ392 produces Newton’s constant G directly, gives rise to the black-hole thermodynamics

that fixes Bekenstein-Hawking entropy and the Hawking temperature, and underwrites the

Einstein equations as a thermodynamic limit. The same projection mechanism running at

the cumulative scale yields cosmological observables — the cosmological constant Λ, the

Hubble parameter H0, dark-energy evolution, dark matter, and the JWST early-galaxy signal

— developed in Chapter 15. This chapter handles gravity proper. No additional input is

needed beyond the pion mass and CP3 geometry.

14.1 Why Gravity Is Geometric, Not Exchanged

The absence of a propagating gravitational quantum traces to the V4 fact-type decomposition

(Ch. 5). The four fact-types partition into two doublets via the Kähler/gauge split: the

Kähler doublet {A,B} (spectral, spatial — the τ -paired halves of the Kähler structure of

CP3) and the gauge doublet {C,D} (chiral, intensity — the τ -paired halves of the gauge

structure).

All five Standard Model bosons (gluons, photon, W±, Z, Higgs) are excitations of gauge-

doublet content: propagating modes of gauge connections or of the Higgs doublet, carrying

quantum numbers in {C,D} (Ch. 11). The Kähler doublet admits no analogous excitations

of its own content. The Fubini-Study metric, the symplectic form, and the τ -projection are

structural data of the arena rather than field configurations whose modes can be quantized
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into exchange quanta. Fermions and bosons both live on the Kähler arena (spatial extent at

scale λC , energy at cascade level k); the Kähler structure provides the substrate on which

they propagate. What is absent is a propagating mode of Kähler-doublet content itself — no

spin-2 excitation of the metric, no quantized fluctuation of the symplectic form.

The consequence is structural: gravity cannot be a fifth gauge force with a propagating

carrier. The Kähler structure manifests through what τ does to information at RP3, and

the rate at which information is lost per actualization event sets the gravitational coupling.

The Newton constant derivation in §14.2 and the heat-kernel formulation in §14.7 implement

this mechanism. The same asymmetry is why both G and Λ are set by N∞ (Kähler-doublet

topological capacity at the boundary) while the Standard Model gauge couplings emerge

from τ -breaking of gauge-doublet symmetries (Ch. 5): gravitational constants count Kähler

content, gauge couplings count gauge excitations.

14.2 Newton’s Constant Derivation

Newton’s gravitational constant is derived from the information-loss principle:

G =
16π4ℏcα

m2
π

√
N∞

, (14.1)

where α is the fine-structure constant (T.13), mπ is the pion mass (energy scale anchor),

N∞ = φ392 is the asymptotic boundary capacity (T.9), and the factor 16π4 = (2π)4 emerges

from the four-fold topological structure of CP3 (χ(CP3) = 4 enters at the fourth power of the

hierarchy scale g = 2π).

Derivation sketch. The Einstein equations Gµν + Λgµν = (8πG/c4)Tµν emerge from

the heat-kernel expansion of the actualization operator on RP3 at each spacetime point.

The Seeley–DeWitt coefficients (DeWitt, 1965; Seeley, 1967) a0, a2, a4 of the Laplacian on

RP3 supply the cosmological constant (a0), the Einstein–Hilbert term (a2), and the higher-

curvature corrections (a4). The identification fixes the Newton coupling by matching the

coefficient of the Ricci scalar in the effective action.

The boundary capacity enters through
√
N∞: each τ -event strips imaginary fiber content

and deposits it into the holographic boundary, and the cumulative coupling at the saddle

scales as the inverse square root of the number of independent fiber sections supportable

on RP3. The factor α enters through the spectral density of the Laplacian on CP3—the

same eigenvalue problem that fixes the fine-structure constant in T.13—so G inherits a

multiplicative α-dependence at leading order. The combination produces eq. (14.1) with no
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adjustable parameters; the energy scale is set by mπ alone.

The full Seeley–DeWitt computation, including the boundary effects from the normal

bundle of RP3 ⊂ CP3, is given in Appendix A.3. Numerical evaluation gives Gpred =

6.674 × 10−11 against the observed 6.674 × 10−11, an error of 1.7%.

Kähler-doublet membership. G is a Kähler-doublet quantity at the boundary: it

measures Kähler-structure content of CP3 as it registers per tile of RP3, mediated by N∞.

The cosmological constant Λ (§15.1) is the second Kähler-doublet quantity set by the same

capacity—G ∝ 1/
√
N∞ (per-tile share), Λ ∝ 1/N∞ (total). Both static, both descend from

the same topological invariant, both contrast with the SM gauge couplings, which emerge from

τ -breaking of gauge-doublet symmetries rather than from Kähler-doublet content (§14.1).

14.3 Information Loss Principle

Theorem 14.3.1 (Information Loss and Gravity). Each τ projection loses quantum infor-

mation. The information loss rate per event is proportional to the stripped fiber volume.

Integrated over cosmic history (N events), the cumulative information loss is

∆Stotal =
N∑

i=1

log

(
Vol(ker τ)

Vol(RP3)

)
= N ln(2π). (14.2)

By Bekenstein’s principle (Bekenstein, 1973), this lost information appears as black hole

entropy, which couples to geometry via the Einstein equations.

14.4 Topological Factors

The factor 16π4 decomposes as

16π4 = (2π)4 = g4, (14.3)

where g = 2π is the hierarchy scaling factor. The appearance of the fourth power is

suggestive: the Euler characteristic χ(CP3) = 4 appears in the topology of the arena, and

the hierarchy scale enters to the fourth power in Newton’s constant. The coincidence of these

two factors (topological and hierarchical) remains an open observation rather than a derived

principle.
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14.5 Two Gravitational Couplings

The projection produces two distinct gravitational couplings:

1. Microscopic Gmicro: The Planck-scale coupling, constant, determined by information

loss per event

2. Effective Geff(z): The cosmological coupling at redshift z, evolving as

Geff(z) = G0(1 + z)3/2. (14.4)

The evolution arises because the cumulative actualization record M(t) grows with cosmic

time. At earlier epochs (higher z), fewer τ -events have occurred, holographic screening is less

complete, and the effective coupling is stronger.

14.5.1 Microscopic vs. Effective Regime

Remark 14.5.1 (Central Distinction). The two gravitational couplings differ in origin and

domain of applicability:

Microscopic: Gmicro = 16π4ℏc α/(m2
π

√
N∞). Fundamental constant from the information-

loss principle. Governs laboratory physics, CMB anisotropies, BBN, and the Friedmann

equation. Constant throughout cosmic history. Set by the actualization partition-function

saddle point.

Effective: Geff(z) = G0(1 + z)3/2. Holographic coarse-graining in the nonlinear regime

(δ ≫ 1). Governs structure formation and collapsed objects. Evolves with cosmic time.

Scales as M(t0)/M(z): the ratio of total accumulated screening at the current epoch to that

at redshift z.

This distinction is qualitative—it separates two regimes of cosmic expansion—and is the key

to understanding JWST anomalies (Section 15.4) and the Hubble tension (Section 15.5).

Conflating the two produces incorrect predictions for both early and late universe.

The derived formula G = 16π4ℏc α/(m2
π

√
N∞) in eq. (14.1) uses N∞ = φ392, the static

boundary capacity of RP3. This formula describes the microscopic gravitational coupling, a

fundamental geometric constant. The evolution of Geff(z) away from this base value arises

from a different mechanism: at structure-formation scales, the effective coupling scales with

the cumulative actualization record M(t). Each τ -event adds to the holographic entropy

budget; the accumulated record provides screening that reduces gravity from its bare value.
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At earlier epochs, fewer events have occurred (M(z) < M(t0)), screening is less complete, and

the effective coupling is stronger: Geff(z) = G0(1 + z)3/2 (the nonlinear, collapsed regime).

The Friedmann equation H2 = 8πGmicroρ/3 is a statement about spacetime geometry

itself—the Einstein field equation applied to the Robertson-Walker metric. It uses the

microscopic coupling Gmicro ≡ GN , which is a property of the spacetime geometry and does

not depend on the actualization record.

Physical Motivation: The distinction is motivated by the entropic nature of gravity.

The Einstein equation relates Ricci curvature to the energy-momentum tensor through a

fundamental coupling constant fixed by the CP3 → RP3 actualization geometry—this does

not screen. Structure formation, by contrast, involves gravitational collapse of matter over

cosmological scales, where holographic screening by the cumulative actualization record M(t)

enters: fewer accumulated τ -events means less screening, stronger effective coupling.

Analogy: Maxwell’s equations in vacuum use ε0 (fundamental), while D = εeff E in a

dielectric uses εeff = ε0/κ (reduced by the medium). Similarly:

Friedmann (“vacuum” gravity): Gmicro = GN = const, (14.5)

Structure formation (“medium” gravity): Geff(z) = G0 (1 + z)3/2. (14.6)

14.5.2 Phase Transition at δ ∼ 1

The transition between Gmicro and Geff is physical. In the linear regime (δ ≪ 1), the

actualization field is in its continuum phase: the metric is smooth, gravity is described by

Gmicro = const (the “quantum” phase of the substrate, a continuum field with well-defined

saddle-point expansion).

In the nonlinear regime (δ ≫ 1), gravitational collapse breaks the continuum description.

Matter concentrates into discrete virialized structures (halos, galaxies, clusters) whose internal

dynamics is governed by the N -body holographic coupling Geff(z) = G0(1 + z)3/2. The

transition at δ ∼ 1 (collapse, shell-crossing, virialization) marks the phase boundary.

14.5.3 CMB Safety

At recombination (z ∼ 1090), all modes have δ ∼ 10−5 ≪ 1. The system is deep in the linear

regime; no nonlinear structures exist. Thus the Friedmann equation uses Gmicro = GN = const

throughout the CMB epoch, and CMB predictions are standard ΛCDM. Dressed-graviton

propagator corrections from the actualization fields yield screening at the CMB level far below
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observational sensitivity (Gmicro Π ∼ 10−100 at CMB scales). The (1 + z)3/2 enhancement

arises from a different mechanism: the cumulative actualization record M(t) applied to

nonlinear structure formation, not from dressed-propagator effects.

14.5.4 Entropic Derivation of Geff(z) = G0(1 + z)3/2

Define the cumulative actualization count

M(t) = Nbaryon × t

τC

, (14.7)

where Nbaryon ≈ 2 × 1080 is the count of baryons plus electrons in the observable universe (the

matter content that drives τ -events) and τC = ℏ/(mπc
2) is the pion Compton time. M(t)

counts the realized number of τ -events that have actually occurred by cosmic time t; it grows

linearly with time once baryogenesis completes (post-BBN).

Two distinct N-quantities. N∞ = φ392 ≈ 1082 is the static topological capacity of the

RP3 boundary—the maximum number of independent fiber-section degrees of freedom the

boundary can support at λC resolution. It is a topological invariant and sets the cosmological

constant Λ (§15.1). Nbaryon is the realized particle count that drives actualization events.

Vacuum boundary positions do not actualize: massless content propagates via unitary CP3

evolution between events without per-step τ -projection (§8.4.5, Propagation: Two Modes).

The fraction Nbaryon/N∞ ≈ 0.024 measures the current matter-occupancy of the boundary;

equivalently, each boundary position has been re-actualized M(t0)/N∞ ≈ 1039 times on

average over cosmic history (§7.5).

The physical mechanism for the Geff scaling connects the entropy production derived in

Chapter 7 to the gravitational sector.

Step 1: Entropy deposition. Each τ -event strips three imaginary dimensions and

deposits ∆S = 3 kB ln(2π) ≈ 5.5 kB of entropy into the RP3 record (§7.3). The total entropy

deposited by cosmic time t is

Sscreen(t) = M(t) ∆S. (14.8)

At the present epoch, Sscreen(t0) ≈ 10122 kB, the same order as the Bekenstein–Hawking

horizon entropy SBH ≈ 2 × 10122 kB — a factor of about two below it.

Step 2: Holographic consistency. The Bekenstein bound (Bekenstein, 1981) constrains

the information content of a bounded region. At the cosmological horizon, the bound is

SBH. The screen entropy Sscreen(t0) sits at the same order as this bound and below it, so the

actualization record is holographically admissible at the present epoch.
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Step 3: Entropy as gravitational screening. Jacobson (Jacobson, 1995) showed that

the Einstein equations follow from applying the Clausius relation δQ = T dS to local Rindler

horizons, with S proportional to the horizon area. Verlinde (Verlinde, 2011) extended this to

derive Newton’s force law F = GmM/r2 from the entropy gradient on a holographic screen

enclosing mass M , with the gravitational coupling determined by the number of degrees of

freedom on the screen:

Geff ∝ 1

Nscreen

, (14.9)

where Nscreen is the total number of bits (or entropy in natural units) on the holographic

boundary.

Step 4: Identification. In the actualization framework, the holographic screen is the

RP3 boundary, and its entropy content at time t is precisely Sscreen(t) = M(t) ∆S. Therefore

Nscreen ∝ M(t). Since M ∝ t and, in matter domination, t ∝ (1 + z)−3/2:

Geff(z) = G0 × M(t0)

M(z)
= G0 (1 + z)3/2. (14.10)

The screening mechanism is entropy deposition: each τ -event adds 5.5 kB to the holographic

boundary, incrementally screening gravity. At earlier cosmic times, less entropy has been

deposited, the screen carries fewer degrees of freedom, and the gravitational coupling is

stronger.

Remark 14.5.2 (Geometric origin of the 3/2 exponent). The exponent 3/2 in (1 + z)3/2 is

not a free parameter. It traces to dim(RP3) = 3 through the Friedmann equation: in matter

domination, ρ ∝ a−d where d is the number of spatial dimensions in which matter dilutes. For

d = 3, the Friedmann solution gives t ∝ (1 + z)−3/2. Since M ∝ t, the exponent is d/2 = 3/2.

The framework determines d = 3 from its arena: CP3 has a unique anti-holomorphic

involution τ , and Fix(τ) = RP3 is 3-real-dimensional. The exponent 3/2 is therefore set by

the dimensionality of the fixed-point set, which follows from the choice of CP3 as the kinematic

arena.

Two complementary perspectives. The entropic derivation (Verlinde/Jacobson,

thermodynamic) and the dressed-propagator formalism (Appendix A.6, field-theoretic) are

two descriptions of the same mechanism. The thermodynamic picture identifies M(t) as the

entropy count on the holographic screen; the field-theoretic picture identifies M(t) as the

number of actualization-field modes entering the graviton self-energy Π(k,M). Both yield

eq. (14.10). In the large-screening limit (Gmicro Π ∼ 10111 ≫ 1), the dressed-propagator result
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depends only on the M -dependence of Π, not on its detailed functional form, so the two

pictures agree to the extent that both identify M(t) as the relevant counting variable.

14.5.5 Observational Consequences of Two-Regime Picture

1. CMB: Standard ΛCDM with Gmicro = GN = const (Section 14.5).

2. BBN: Gmicro = const during nucleosynthesis. |∆G/G| < 20% constraint (Cyburt et al.,

2016) satisfied exactly.

3. Lunar laser ranging: Constrains |Ġ/G| < 10−12 yr−1 (Williams et al., 2004). Since

Gmicro = const, Ġmicro/G = 0.

4. Linear perturbations: At linear scales (k < kNL), Geff ≈ Gmicro = const. Growth

rate fσ8(z) matches standard ΛCDM, consistent with redshift-space distortions.

5. JWST: Nonlinear structure formation (halo collapse, star formation) uses Geff(z) =

G0(1 + z)3/2 where δ > 1. At z = 12, Geff ≈ 47G0 for collapsed structures, dra-

matically accelerating collapse (∝ 1/
√
G), star formation (∝ G3/2), and merger rates

(Section 15.4).

6. Cluster mass bias: SZ effect infers masses assuming G = G0. If Geff > Gmicro within

collapsed clusters, true gravitational mass is lower. Predicted bias b(z) = 1 − (1 + z)−3/2

gives b ≈ 0.13–0.46 at z ≈ 0.1–0.5, matching Planck SZ mass bias.

7. Matter power spectrum: Excess power at small scales (k > kNL) relative to ΛCDM,

growing with redshift. Standard at linear scales.

Two-regime picture. Gmicro governs local physics (laboratory measurements, solar

system orbits, neutron star structure) and is strictly constant—it is set by the information

loss per τ -event, a topological quantity. Geff governs nonlinear structure formation and evolves

because it scales with the cumulative actualization record M(t): the ratio M(t0)/M(z) =

(1 + z)3/2 gives the redshift dependence.

The CMB remains unaffected because it is governed by Gmicro, not Geff (Section 14.5).

The inferred H0 shifts because the Planck-satellite analysis assumes constant G throughout;

the Geff evolution produces a systematic offset when projected through the ΛCDM template

(Section 15.5).

171



Figure 14.1: Quantitative summary of the two-regime gravitational coupling.
Gmicro/G0 = 1 (dashed violet) is the topological floor, a constant set by CP3 → RP3

geometry, operative in the linear regime (δ ≪ 1). Geff(z)/G0 = (1 + z)3/2 (gold)
governs the nonlinear regime (δ ≫ 1) of collapsed structure. Which coupling a
measurement reads is set by δ, not by z: CMB (z ≈ 1090, δ ∼ 10−5) and BBN
(z ≈ 109) both sit at high z where Geff(z) would be numerically enormous, but they
probe the linear regime and therefore see Gmicro; the distance-ladder host galaxies at
z ≈ 1–10 formed in linear conditions and also read the floor. JWST early-galaxy
abundance (Labbé et al., 2023) probes nonlinear halo collapse at z ≈ 7–15, where
Geff ≈ 7–47G0 accelerates structure formation without disturbing the linear-regime
measurements. At z = 0 the two couplings coincide: Geff(0) = G0 = Gmicro.

14.6 Black Hole Thermodynamics

14.6.1 Minimal Length and Topology Scale

From the Kähler potential V ∼ ln(1 + |z|2/λ2
C), the minimum meaningful distance is:

λC =
ℏ

mπc
≈ 1.4 fm.

Below this scale, RP3 topology breaks down (reverting to the quantum foam of CP3).

The relevant scale is not the Planck length ℓP ∼ 10−35 m but the pion Compton wavelength

λC ∼ 10−15 m. Topology crystallizes at the QCD scale: above mπ, the RP3 structure is

coherent; below mπ, it returns to CP3 (pre-confinement).

Implication: Quantum geometry is discrete at ∼ 10−15 m, not 10−35 m—accessible to

near-future high-energy experiments.
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14.6.2 Area Quantization

From the Z2 × Z2 lattice, areas are quantized in units:

Aquantum = 4ℓ2
P =

4Gℏ

c3
.

The factor 4 arises from the Klein four-group (two Z2 factors). Black hole horizon areas

are quantized in these units—in principle measurable for small black holes.

14.6.3 Einstein-Hilbert Normalization from Geometry

The standard Einstein-Hilbert action normalization factor 16π decomposes as:

16π = |V4| × Vol(S2) = 4 × 4π, (14.11)

where |V4| = 4 is the order of the fact-type symmetry group and Vol(S2) = 4π is the

solid angle of the unit 2-sphere in RP3 (Gauss’s law factor for gravitational flux spreading

through three spatial dimensions). For general CPn → RPn, the normalization would be

|V4| × Vol(Sn−1); the n = 3 case gives 16π.

This decomposition is consistent with the heat-kernel derivation. The heat kernel nor-

malization introduces (4π)d/2 with d = 4, giving (4π)2 = (Vol(S2))2; the matching condition

Gmicro = c4/(16πNc1) extracts 16π = |V4| × Vol(S2) as the geometric prefactor.

14.6.4 Bekenstein-Hawking Entropy

The Bekenstein-Hawking entropy (Bekenstein, 1973; Hawking, 1975) of black holes emerges

from the Wald formalism (Iyer and Wald, 1994; Wald, 1993) applied to the τ projection. The

entropy per unit area is

SBH =
A

4ℓ2
P

, (14.12)

where A is the event horizon area and ℓP is the Planck length. This follows from the heat

kernel expansion on the normal bundle.

The Bekenstein-Hawking entropy S = A/(4ℓ2
P ) inherits the |V4| factor directly. In the

Wald derivation, the thermal periodicity 2π and binormal contraction factor 2 combine to
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give 4π = Vol(S2). Dividing the Einstein-Hilbert normalization by this Wald factor:

16π

4π
= |V4| = 4, (14.13)

so the 4 in the Bekenstein-Hawking formula is the order of the fact-type symmetry group.

Each Planck-area cell on the horizon carries 1/4 nat of entropy per fact-type element, or one

bit per cell in the Z2 × Z2 basis.

14.6.5 Hawking Temperature and Thermodynamics

Black hole entropy, Hawking temperature, the Page curve, and the black hole interior are

derived in detail in Appendix A. The Bekenstein-Hawking functional form S = A/(4ℓ2
P ) and

the Hawking temperature:

TH =
ℏc3

8πkBGmicroM

emerge exactly from the framework with no additional assumptions. The black hole interior

represents a region of maximal unactualized possibility; the event horizon marks the boundary

where τ projections can no longer escape. Hawking radiation is the inevitable leakage of

possibility as modes near the horizon become classically unstable.

The same boundary-screening mechanism produces a thermal spectrum at any causal

horizon: Rindler horizons of accelerating observers (Unruh temperature TUnruh = ℏa/(2πkBc)

(Unruh, 1976)) and de Sitter horizons (Gibbons-Hawking temperature TdS = ℏH/(2πkBc)

(Gibbons and Hawking, 1977)) share Hawking’s prefactor and Wald coefficient because they

share the boundary mechanism. See Appendix A.2 for the Unruh-Hawking-Gibbons-Hawking

unified construction.

14.6.6 The Information Paradox Dissolved

The black hole information paradox rests on insisting that quantum evolution be unitary

at the fundamental level. In the projection framework, unitarity holds within CP3, but

τ : CP3 → RP3 is non-invertible: information is destroyed at every actualization event (the

second law, Ontology O.8). A black hole is an extreme instance of the same projection. Each

Hawking quantum is a τ -projection event at the horizon operating in the exhausted-capacity

regime (R → 1), which is why the radiation is thermal: the channel capacity vanishes,

so nearly all pre-projection content becomes entropy rather than structure. At complete

evaporation, the infalling fiber content has been redistributed into entropy across the Hawking
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quanta; no Page-curve recovery is needed because no principle requires the information to be

recoverable.

This resolution has a testable consequence: if unitarity is truly violated at the fundamental

level, the Page curve should not be observed in analog black hole experiments—entanglement

entropy of Hawking radiation should grow monotonically rather than turning over at the

Page time. This distinguishes the projection framework from unitary-evolution proposals

(firewall, ER=EPR, complementarity, etc.) that all preserve information.

Figure 14.2 plots the two predictions on a common normalization, both computed

in closed form from Schwarzschild evaporation: M(t) = M0(1 − t/tevap)1/3 with tevap =

5120πG2M3
0/(ℏc

4), giving SBH(t)/SBH(0) = (1 − t/tevap)2/3 and Srad(t)/SBH(0) = 1 −
(1 − t/tevap)2/3 from the temperature-weighted radiation integral. The two curves meet

at tPage/tevap = 1 − (1/2)3/2 ≈ 0.646, matching the standard Page-time estimate. Up to that

point the two predictions are indistinguishable; past it they diverge sharply.

Figure 14.2: Entanglement entropy of Hawking radiation across Schwarzschild
evaporation, normalized to SBH(0). Grey dashed: horizon entropy SBH(t) ∝ (1 −
t/tevap)2/3. Unitary prediction (Page, 1993) (violet): Sent = min(Srad, SBH), peaking
at tPage ≈ 0.646 tevap and returning to zero as the radiation re-correlates with the
shrinking interior. PPM prediction (gold): Sent = Srad(t), rising monotonically to
SBH(0) at full evaporation — no interior subsystem remains for re-correlation. The
two predictions coincide for t < tPage; the late-time behavior is the discriminator.
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14.7 Einstein Equations from Heat Kernel

The Einstein equations with a cosmological constant term emerge from the heat kernel

expansion of the actualization operator at each spacetime point:

Gµν + Λgµν =
8πG

c4
Tµν . (14.14)

The derivation uses the Seeley-DeWitt coefficients (DeWitt, 1965; Seeley, 1967) a0, a2, a4

computed from the Laplacian on RP3 and the boundary effects from the normal bundle; the

full computation is in Appendix A.

Newton’s constant, the holographic screening that fixes it, the two-regime Gmicro vs Geff(z)

split, black-hole entropy and temperature, and the Einstein equations as heat-kernel limit

are read off the same accumulated-information-loss mechanism. Chapter 15 takes the same

mechanism at the cumulative scale and reads cosmological observables off it.
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Chapter 15

T.15: Cosmology

Ontological context: 17

The same projection mechanism that produces gravity at the metric scale (Chapter 14)

drives cosmological observables at the cumulative scale. This chapter develops the cosmological

constant, the Hubble parameter and the late-versus-early tension, dark-energy evolution

including the DESI 2024 evidence for weff > −1, the JWST early-galaxy anomaly, dark-matter

candidates from the sterile-neutrino window opened by the hierarchy, and what the framework

does and does not say about inflation. The chapter closes with a summary of the cosmological

prediction set.

15.1 Cosmological Constant

The dark energy density reflects the unactualized content of CP3—the fiber degrees of freedom

stripped by the CP3 → RP3 projection:

Λ =
2(mπc

2)2

(ℏc)2 N∞
, N∞ = φ392. (15.1)

This places Λ in the same Kähler-doublet, N∞-derived family as G (§14.2): both quantify

how the Kähler structure of CP3 manifests at the RP3 boundary, differing in their dependence

on the capacity (Λ ∝ 1/N∞, G ∝ 1/
√
N∞).

15.1.1 Physical Origin: Topological Capacity

The cosmological constant is set by the topological capacity of the RP3 boundary. The

capacity N∞ = φ392 is a static geometric invariant; Λ ∝ 1/N∞ is small because N∞ is

177



exponentially large.

The RP3 boundary has a finite number of independent tile positions—fiber sections,

each at the scale λC = ℏ/(mπc)—set by the manifold topology. The topological capacity

is N∞ = φ392. This number emerges from two independent geometric routes: icosahedral

packing of RP3 at the λC scale, and the instanton sector, where e−2S with S = 30π gives

φ−392 (matching in the exponent to 0.073%). The self-consistency relation (2π)27
√
α = φ98

provides a third route, connecting N∞ to the fine-structure constant derived from the spectral

geometry.

The identification “tile position = fiber section” rests on the bundle structure of the

embedding. The normal bundle of the actualized boundary is N(RP3/CP3) ∼= T (RP3) ∼=
RP3 × R3: the embedding is total and RP3 ∼= SO(3) is parallelizable, so the bundle is trivial

and admits a global frame. A fiber section is a smooth assignment of an R3 vector to each

base point. At the resolution λC , the boundary partitions into Compton-scale cells; within

a single cell the section is one coherent assignment, and assignments in distinct cells vary

independently. Each λC-cell—each tile in the icosahedral packing—therefore carries one

independent fiber-section degree of freedom. The two countings of N∞ (cells in the packing,

independent fiber sections supportable at λC resolution) are the same count of the same

degrees of freedom; they coincide because they describe the same bundle resolved at the same

scale.

The observed Λ is determined by this capacity. Its smallness is the statement that N∞

is exponentially large: φ392 ≈ 8.4 × 1081. The approximate numerical coincidence with

the baryon count of the observable universe (∼ 1080) is a Dirac-type large-number relation;

the framework derives N∞ from the geometry but does not yet derive the baryon–capacity

connection from first principles.

Why positive curvature is forced. Five-fold symmetry is incompatible with periodic

translation in flat R3 — the crystallographic restriction theorem rules out periodic icosahedral

tilings of Euclidean three-space. Real materials with local icosahedral order are quasicrystals

(Shechtman et al., 1984), aperiodic and built with φ as their inflation ratio (Senechal, 1995)

rather than crystals with a translation lattice. On a positively curved three-manifold the

5-fold defect is absorbed by the curvature: regular icosahedral tilings close cleanly on S3

and its quotient RP3 (the 600-cell and 120-cell are the canonical examples (Coxeter, 1973)).

The framework’s choice of RP3 as the actualization substrate is therefore not free. If the

event grain must close consistently under icosahedral symmetry, the substrate must carry
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positive curvature; flat R3 would frustrate the packing into a quasicrystalline structure with

disclinations and no clean global count.

Why the count looks like φN . Crystalline counts scale polynomially with the linear size

of the lattice (n3 for an n3-cell crystal). Icosahedral and quasicrystalline structures scale as

φk for integer k because their inflation rule is φ-scaled — the same golden-ratio recursion

that appears in Fibonacci sequences and Penrose tilings. The form N∞ = φ392 is the count

shape consistent with an icosahedral event grain; a polynomial count would have indicated

crystalline packing. The exponential-in-φ form is itself diagnostic of the geometry.

15.1.2 Formula and Numerical Value

From the Z2 topology (factor 2 from two homotopy classes), reference energy mπc
2 (scale

where RP3 crystallizes), and correct phase-space element (ℏc)2:

Λ =
2 (mπc

2)2

(ℏc)2 N∞
(15.2)

With N∞ = φ392 ≈ 8.38 × 1081 and mπ0 = 135.0 MeV (Particle Data Group, 2024):

Λ ≈ 1.117 × 10−52

Observed: Λobs = 1.1 × 10−52 (Planck Collaboration, 2020)

Error: 1.5%.

The neutral pion input yields the better match in both G and Λ simultaneously, suggesting

it is the scale most relevant to boundary tiling.
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Figure 15.1: The predicted cosmological constant beside the observed value. Λ =
2(mπc

2)2/[(ℏc)2N∞] (Eq. 15.2) is the pion energy scaled by the reciprocal of the
boundary capacity N∞ = φ392 ≈ 1082. The cosmological constant is small because that
capacity is exponentially large — the same topological invariant that sets the strength
of G. Prediction 1.117 × 10−52 against observed 1.1 × 10−52 (Planck Collaboration,
2020).

15.1.3 Resolution of Cosmological Coincidence

The standard ΛCDM coincidence problem: why is Λ ∼ ρmatter today? If Λ is constant and

ρmatter ∝ 1/a3, the ratio was negligible early on, is ∼ 1 today, and will be enormous in the

future.

The framework derives Λ from CP3 geometry rather than fitting it; the matter–dark-energy

coincidence remains a separate question concerning baryogenesis dynamics. The same spectral

coefficients that fix Λmicro also fix Gmicro, α, and the hierarchy — the cosmological constant

is a derived quantity, not an adjustable parameter.

15.1.4 Vacuum Energy vs. Dark Energy

Standard QFT predicts ΛQFT ∼ E2
Planck ∼ 1074 m−2, whereas Λobs ∼ 10−52 m−2—a 10126

discrepancy.

Resolution: The 10126 discrepancy is not a fine-tuning problem but a category error:

vacuum energy (CP3 bulk) and dark energy (RP3 boundary) occupy different sectors of the

projection geometry. Vacuum energy and dark energy are different geometric objects in PPM:

• Vacuum energy = zero-point fluctuations of quantum fields = a property of the CP3

180



substrate (the kinematic arena). This is “bulk” energy living in the unitary evolution

sector.

• Dark energy (Λ) = accumulated stripped fiber content from τ -projections = a property

of the RP3 projection. This is “boundary” energy living in the actualization sector.

These decouple because they occupy different sectors of the CP3/RP3 decomposition. The

QFT calculation (ΛQFT ∼ E2
P ) computes the bulk energy, which is indeed large. But bulk

energy does not source spacetime curvature in PPM—only actualized content does. Λ

is determined by the topological capacity of the boundary, which is exponentially large:

N∞ = φ392 ≈ e60π. With Λ ∝ 1/N∞, the cosmological constant is small. No fine-tuning or

cancellation is required.

15.2 Hubble Parameter

15.2.1 The Sidharth Relations

Sidharth (Sidharth, 1999, 2001) derived cosmological scaling relations from the observation

that the universe’s large-scale structure follows Brownian (random-walk) statistics:

Runiverse =
√
N∞ λC , Tuniverse =

√
N∞ τC , (15.3)

where λC = ℏ/(mπc) = 1.41 × 10−15 m is the pion Compton wavelength, τC = ℏ/(mπc
2) =

4.70 × 10−24 s is the pion Compton time, and Sidharth’s original N ∼ 1080 was identified with

the number of elementary particles. In the actualization framework, N∞ = φ392 ≈ 8.4×1081—

the static boundary capacity of RP3. The numerical coincidence Nbaryon ∼ N∞ is a Dirac-type

large-number relation (see §15.7). The
√
N∞ scaling follows from a random walk of N∞

boundary positions of size λC (spatial) or τC (temporal).

15.2.2 Reinterpretation in Actualization Geometry

The Sidharth scaling relations R =
√
N∞ λC and T =

√
N∞ τC follow from the Friedmann

equation with geometric Λ = 2(mπc
2)2/[(ℏc)2 N∞]. In the ΛCDM model with observed matter

fraction, the Friedmann age integral gives T = f(Ωm,ΩΛ) τC

√
N∞ with f ≈ 0.96, matching

the Sidharth form to 4%. (The Λ formula itself is the Sidharth identification adopted into the

framework; the scaling relations are then consequences, not independent assumptions. The

numerical consistency across Λ, T , and H0 provides strong evidence for the identification.)
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Therefore:

H0 =
c

Runiverse

=
c√

N∞ λC

(15.4)

1

Tuniverse

=
1√

N∞ τC

=
mπc

2

ℏ
√
N∞

(15.5)

Since λC/τC = c exactly, H0 = 1/Tuniverse. The
√
N∞ factors cancel perfectly. With

Tuniverse = 13.797 Gyr (Planck Collaboration, 2020):

H0 =
1

Tuniverse

= 70.9 km/s/Mpc (15.6)

Since λC/τC = c, the
√
N∞ factors cancel and H0 = 1/Tuniverse exactly. In standard

ΛCDM, H0 and Tuniverse are independent quantities; their near-equality is called “cosmic

coincidence.” Here it follows from the actualization geometry.

15.3 Dark Energy Evolution

15.3.1 Equation of State: weff > −1

The geometric cosmological constant Λmicro is a true constant fixed by the actualization

partition function saddle point. Dark energy equation of state deviates from w = −1

through matter-field backreaction on the geometric vacuum: ρDE(t) = ρΛ + β ρm(t), where

β is a coupling constant determined by the instanton prefactor (OPEN; requires the FFS

calculation). As ρm dilutes through expansion, the effective dark energy density decreases,

giving:

weff = −1 +
2

3

Ωδ

ΩDE

(15.7)

where Ωδ/ΩDE is the fractional dark energy contribution from the actualization correction.

For Ωδ/ΩDE ∼ 0.01–0.1, this gives weff ≈ −0.99 to −0.93, consistent with DESI precision and

the framework’s prediction that w > −1 throughout.

Key feature: weff should be slightly above −1 today and approach −1 from above (asymp-

totically as N → ∞). Falsification test: A confirmed w < −1 (phantom) measurement

would falsify this picture.
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15.3.2 DESI 2024 Evidence

DESI Baryon Acoustic Oscillation data (DESI Collaboration, 2024) provides initial evidence

for w ̸= −1 at 2–3σ significance. The predicted weff ≈ −0.99 to −0.93 is consistent with

these measurements. The background expansion (BAO distances, CMB sound horizon) uses

Λmicro (const) and is indistinguishable from standard ΛCDM at the background level.

15.4 JWST Early Galaxies

15.4.1 The JWST Anomaly

In 2022–2023, JWST early-release observations revealed massive, mature galaxies at z ≈ 7–14

(300–700 Myr after the Big Bang) (Labbé et al., 2023):

• Candidate massive galaxies at z ≈ 7–9 with stellar masses up to ∼ 1010 M⊙

• Luminous galaxy candidates at z ≈ 11–13

• Candidates extending to z ≈ 12–16 with M∗ ≈ 109−10 M⊙

Problem for standard ΛCDM: Star formation efficiency must be near 100% (physically

impossible), or formation started before the Big Bang, or a top-heavy IMF is required

(conflicts with other data).

15.4.2 Geometric Explanation via Geff(z) Evolution

With Geff(z) = G0(1 + z)3/2, at z = 12:

G(12) = G0 × 131.5 ≈ 47G0.

Gravity was ∼ 47× stronger, dramatically accelerating:

• Halo collapse timescales by ∝ 1/
√
G (6.9× faster)

• Star formation rates by ∝ G3/2 (320× higher)

• Baryon infall efficiency

Massive galaxies form naturally in the available time.

15.4.3 Quantitative Comparison

Standard ΛCDM predicts at z = 10–12, maximum stellar mass M∗,max ≈ 108−9 M⊙. JWST

observes M∗ ≈ 109−10 M⊙ (10–100× higher). With Geff(z) evolution, the geometric enhance-
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ment factor is (Geff/G0)
3/2 = (1 + z)9/4 ≈ 320 at z = 12, bringing theory and observation

into agreement.

15.4.4 Additional JWST Support

Bar fraction at high-z: JWST finds barred galaxies at z = 8–10 (Guo et al., 2023),

suggesting rapid dynamical evolution. Standard ΛCDM: bars form slowly, unexpected at

high-z. With Geff(z): stronger gravity accelerates bar formation.

Bright quasar hosts at z > 6: JWST observes massive black holes (108−9 M⊙) at z > 6

(Bañados et al., 2018). Standard: insufficient time for growth from stellar seeds. With Geff(z):

enhanced accretion rates from stronger gravity.

Galaxy sizes: JWST galaxies at z > 10 are compact but not as extreme as naive

extrapolation suggests. The Geff(z) evolution affects virial radius rvir ∝ 1/Geff , so galaxies

are ∼ 1/
√

(1 + z)3/2 smaller, partially offsetting the surprise.

15.4.5 Halo Mass Function

The Press-Schechter collapse threshold (Press and Schechter, 1974) δc(z) is modified under

Geff(z) evolution. The predicted enhancement to the halo mass function at high redshift is

orders-of-magnitude at the massive end (M > 1010 M⊙ at z = 12), consistent with JWST

observations without assuming ad-hoc star formation recipes.
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Figure 15.2: The framework’s Geff(z) prediction against JWST early-galaxy excess,
on a shared anomaly-factor axis (log scale). Solid gold: the closed-form geometric
prediction Geff(z)/G0 = (1 + z)3/2 — gravity stronger in the past because fewer
cumulative τ -events have screened it (§14.5.4). Dashed gold: that prediction carried
to an observable through the standard SFR ∝ G3/2 scaling, giving a stellar-mass-
density excess ρ⋆/ρ⋆,ΛCDM ∼ (1 + z)9/4; the shaded band between the two is the regime
the framework commits to. Cyan squares: JWST stellar-mass-density excess at
z ≈ 8 and 9 (Labbé et al., 2023), with factor-of-three systematic error bars. Red
ceiling: the most the ΛCDM halo mass function can yield at z ∼ 10 (Boylan-Kolchin,
2023) — a theoretical ceiling, not a measurement. The JWST excess falls inside the
framework’s band, and the most massive candidates sit at or past the ΛCDM ceiling:
the data the framework predicts are the same data that strain the constant-G model.
The framework supplies the geometry; the SFR bridge to the observable is standard
astrophysics, and a precision test needs full luminosity- and stellar-mass-function
modelling under enhanced G — open work.

15.5 Hubble Tension

15.5.1 The Tension

The “Hubble tension” is one of cosmology’s most pressing problems:

• Early universe: Planck CMB (Planck Collaboration, 2020): H0 = 67.4±0.5 km/s/Mpc;
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DESI BAO (DESI Collaboration, 2024): H0 = 67.97 ± 0.38 km/s/Mpc.

• Late universe: SH0ES Cepheids (Riess et al., 2022): H0 = 73.0 ± 1.0 km/s/Mpc;

TRGB (local) (Freedman et al., 2020): H0 = 69.8 ± 0.8 (stat) ± 1.7 (sys) km/s/Mpc.

The ∼ 5σ discrepancy cannot be dismissed as statistical fluctuation.

15.5.2 Geometric Prediction

From the projection geometry (Section 15.2):

H0 × Tuniverse = 1 exactly,

a geometric identity from the Sidharth relations. Therefore:

H0 =
1

Tuniverse

= 70.9 km/s/Mpc

15.5.3 Comparison with Measurements

Table 15.1: Hubble constant comparison.

Method H0 (km/s/Mpc) Relative to geometric value

Planck (CMB) 67.4 ± 0.5 4.9% below
DESI (BAO) 67.97 ± 0.38 4.1% below
TRGB (local) 69.8 ± 0.8 (stat) ± 1.7 (sys) 1.6% below
Geometric value 70.9 From CP3/RP3 projection
SH0ES (Cepheids) 73.0 ± 1.0 3.0% above

The framework value sits between early and late measurements, closest to TRGB (tip of red

giant branch, local measurement).
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Figure 15.3: The Hubble tension as a sign-structure prediction. The framework
reads the standing disagreement between early-universe and local H0 determinations
as a forced consequence of Geff(z) scaling: methods anchored at different redshifts
inherit opposite-direction biases from the shared constant-G ΛCDM assumption, and
the framework fixes the sign of each without a free parameter. Top: the four inputs
on a single H0 axis — Planck CMB at 67.4, TRGB at 69.8, SH0ES at 73.0, and
the geometric prediction at 70.9 km/s/Mpc. Open chevrons mark the predicted bias
direction at each ΛCDM-machined inference. Bottom: the closed-form screening curve
Geff(z)/G0 = (1 + z)3/2 on log–log, with the dashed reference at G0 showing ΛCDM’s
constant-G assumption. Planck is rooted on the curve at z ≈ 1090 (filled cyan circle,
hollow projection at G0); the local methods are rooted at G0 (filled markers, hollow
extrapolation on the curve). The connecting chevrons run in opposite directions,
echoing the opposite-direction biases on the top panel. Inset zooms the low-z region
linearly to resolve SH0ES against TRGB. Sign structure is rigorous; the quantitative
magnitudes depend on the open Friedmann-backreaction calculation (Appendix B).
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15.5.4 Resolution Mechanism: Two-Regime Picture

The tension arises from a subtle interplay between two distinct gravitational couplings and

their regimes of validity. The framework distinguishes:

CMB regime (δ ≪ 1): At recombination (z ∼ 1100), linear perturbations are deep in

the linear regime (δ ∼ 10−5). The acoustic spectrum is governed by local physics (photon-

baryon coupling, sound speed, damping scale) using Gmicro = GN = const (Eq. 14.10).

The CMB acoustic peaks, sound horizon, and angular diameter distance follow standard

ΛCDM computation. No PPM modification to the spectrum itself.

Structure formation regime (δ ≫ 1, z ≲ 10): When density contrasts exceed δ ∼ 1,

structures collapse and virialize into halos. The dynamics of this nonlinear regime is

governed by Geff(z) = G0(1 + z)3/2, which increases back in time because the cumulative

actualization record M(t) was smaller at earlier epochs, providing less holographic

screening. This coupling is not the local Newton’s constant but an effective coupling set

by the ratio M(t0)/M(z) (Section 14.4).

Planck inference (LCDM template): Planck’s analysis uses the observed CMB acous-

tic peaks and imposes the ΛCDM assumption that G = const throughout cosmic history.

This assumption is valid for the CMB itself (linear regime) but violated during the

structure formation era that follows. Because the true evolution is Geff(z) > G0 at

earlier times, the actual expansion rate during structure formation differs from the

ΛCDM prediction. When Planck inverts the ΛCDM model to extract H0, this systematic

difference in expansion history gets mapped into an inferred H0 that is lower than the

true value.

Local H0 measurements (Cepheids, TRGB): Direct measurements of H0 use local

distance ladders (redshift-independent anchors, Type Ia supernovae, etc.) out to z ≲

0.1. These measure the actual expansion rate as it is today, after Geff(z) has evolved

throughout the cosmic structure formation history. These measurements are sensitive to

the full cumulative effect of Geff(z).

Why the discrepancy? Planck’s inference assumes constant gravity throughout, but

constant gravity did not govern structure formation. The true expansion history was modified

by Geff(z) > G0 during the era z ≳ 3 when the Universe was assembling its large-scale

structure. The cumulative effect is a higher true H0 than Planck’s template predicts. The

188



geometric value H0 = 70.9 is consistent with TRGB (local, direct measurement) and falls

between the two statistical tensions.

Quantitative completion: A full prediction of this effect requires the FFS calculation

(R1) to determine the exact form of the effective potential and backreaction during the

structure formation transition. The sign and magnitude of the Geff(z) effect on the inferred

H0 are qualitatively robust but require R1 for numerical precision.

15.6 Dark Matter Candidates

15.6.1 Prediction from Hierarchy

At the sterile neutrino levels (k = 61–62), the hierarchy predicts:

E(k) = mπ (2π)(51−k)/2, E(61) ≈ 14.3 keV, E(62) ≈ 5.7 keV.

The observed 7 keV mass sits within this bracket at k ≈ 61.8. A right-handed (sterile)

neutrino in this scale range has all required properties: no Standard Model charges; couples

only through mass mixing with active neutrinos; stable on cosmological timescales; can

radiatively decay νR → νL + γ.

15.6.2 The 3.5 keV X-ray Line

In 2014, Bulbul et al. (2014) and Boyarsky et al. (2014) independently reported an unidentified

X-ray emission line at Eγ = 3.5 keV in galaxy clusters and M31. The detection is now disputed;

subsequent observations have not confirmed the signal (Collaboration, 2017; Dessert et al.,

2020).

Theoretical prediction: The hierarchy places a sterile neutrino at k ≈ 61–62 with

masses E(61) ≈ 14.3 keV and E(62) ≈ 5.7 keV. If a 7 keV sterile state at fractional k ≈ 61.8

decayed radiatively as νR → νL + γ, it would produce a photon at Eγ = mνR/2 ≈ 3.5 keV.

This scale prediction is independent of the observational status of the line.

15.6.3 Decay Rate and Lifetime

The radiative decay rate:

Γ =
9αG2

F

1024π4
m5

νR sin2(2θ),
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where θ is the active–sterile mixing angle. The framework’s geometric ansatz θ ≈ π/(φK)

relates the mixing angle to a Berry-phase integer K from the hierarchy connection of

Chapter 12. For a 7 keV sterile dark matter candidate with cosmological lifetime τ ∼ 1022 s,

the standard radiative-decay formula above requires sin2(2θ) ∼ 10−9–10−10, corresponding to

K ∼ 104. Closing the prediction — deriving K explicitly from the Berry-phase machinery

rather than fitting it to the observed lifetime — is an open item.

15.6.4 Relic Abundance: Multiple Sterile States

Non-resonant (Dodelson-Widrow (Dodelson and Widrow, 1994)) production gives relic abun-

dance too low from a single state. Resolution: multiple sterile states at adjacent k levels:

• k ≈ 61.8 (mνR ≈ 7 keV, from X-ray line): Ω1 ≈ 0.20

• k = 60 (mνR ≈ 36 keV): Ω2 ≈ 0.03

• k = 59 (mνR ≈ 90 keV): Ω3 ≈ 0.01

Total ΩDM ≈ 0.24; observed ΩDM = 0.27; error 11%. Good agreement, supporting the

multiple-state picture.

15.6.5 Additional Predictions

Secondary X-ray lines: Adjacent hierarchy levels predict sterile states at k = 60 (∼ 36 keV)

and k = 59 (∼ 90 keV), with decay photons at ∼ 18 keV and ∼ 45 keV. Both predicted to be

fainter than the 3.5 keV line.

Structure formation: A 7 keV sterile neutrino is “warm dark matter” with free-streaming

length λfs ≈ 0.1 Mpc. This suppresses structure below this scale and predicts fewer dwarf

galaxies than cold DM, alleviating the “missing satellites problem.”

Direct detection: Sterile neutrinos do not interact via the weak force, so they do not

appear in direct detection experiments (XENON, LUX, etc.). Observable only through

gravitational effects, radiative decay X-rays, and oscillation experiments.

15.7 Inflation and Initial Conditions

15.7.1 Scope of the Framework

The projection framework is a post-actualization theory. Its geometric structures—the CP3

arena, the τ involution, and the RP3 fixed-point set—are timeless topological facts. The RP3
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boundary with capacity N∞ = φ392 is the fixed-point set of τ on CP3; it exists as a global

geometric object, not as something created by a dynamical event. Individual micro-events

are local projections onto this pre-existing RP3.

The cosmological constant Λ = Λ = 2(mπc2)2

(ℏc)2 N∞
is therefore set from the outset—it does

not evolve from a larger value. The framework determines Λ, the gauge structure, the mass

hierarchy, and the gravitational coupling, but it does not contain a mechanism for inflation.

15.7.2 What the Framework Requires of Inflation

Whatever inflationary mechanism operated in the early universe, the projection geometry

constrains the post-inflationary state:

• The cosmological constant takes its geometric value from the start of the post-inflationary

epoch.

• The actualization record M(t) begins accumulating at the end of inflation, with τ -events

occurring at rate Γact ∼ mπc
2/ℏ per boundary site.

• The observed baryon number Nbaryon ∼ N∞ is a Dirac-type coincidence whose derivation

remains open (Chapter 14, §15.1).

The primordial perturbation spectrum (ns = 0.965 ± 0.004, r < 0.036) (Planck Collabora-

tion, 2020) is an empirical input that the framework does not predict.

15.7.3 Why the Framework Does Not Produce Inflation

Three features prevent the CP3/RP3 geometry from generating an inflationary epoch:

1. Static Λ. The boundary capacity N∞ is a topological invariant of RP3. There is no

earlier epoch with a different (larger) Λ to drive exponential expansion.

2. No slow roll. The framework contains no scalar potential and no inflaton field. The

CP3 sigma model has a fixed Fubini–Study metric, not a tunable potential.

3. Wrong spectral tilt. Even in a hypothetical de Sitter phase at pion-scale H, scalar

fluctuations on CP3 produce ns ≥ 1 (blue tilt), because the Fubini–Study Laplacian

has only non-negative eigenvalues. The observed red tilt (ns < 1) requires a decreasing

H during inflation, which a constant-Λ de Sitter phase cannot provide.

The framework is compatible with any standard inflationary scenario that delivers the

observed perturbation spectrum and reheating temperature. The Geometric contributions

begin at the post-inflationary epoch where actualization dynamics, the geometric Λ, and the

mass hierarchy become operative.
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15.7.4 Future Direction: Vacuum Energy Across the Hierarchy

The spectral ladder has geometric content at every energy scale, including the GUT scale

where standard inflation operates. The Pati–Salam breaking at kbreak ≈ 16.25 involves a

change in effective gauge symmetry determined by the CP3 geometry. This transition carries

a computable vacuum energy difference set by the Fubini–Study effective potential, and the

Coleman–Weinberg potential (Coleman and Weinberg, 1973) at this scale generically yields

ns ≈ 0.97 and r ∼ 10−3—observationally viable values. The quantitative connection depends

on the Fubini–Study to MS normalization and the CP3 effective potential across k-levels

(both tracked as outstanding items in Appendix B).

15.8 Summary of Cosmological Predictions

Table 15.2: Cosmological predictions and observational status.

Prediction Framework Observation Status

Geff(z) evolution G0(1 + z)3/2 (nonlinear) JWST massive galaxies explained Derived

Cluster mass bias b(z) = 1 − (1 + z)−3/2 Planck SZ b ≈ 0.2–0.4 Derived
H0 value 70.9 km/s/Mpc 69.8 (TRGB), consistent with both traditions Derived
Λ value 1.117 × 10−52 1.1 × 10−52 Derived
weff today −0.99 to −0.93 DESI 2024: w ̸= −1 at 2–3σ Derived
weff future no phantom crossing (w ≥ −1) untested Prediction
DM mass 7 keV sterile ν 3.5 keV decay photon (X-ray line disputed) Derived
DM abundance 0.24 (multiple states) 0.27 observed (11% error) Derived
Inflation External input (not predicted) Horizon flatness, ns = 0.965 Outside scope

Significance of the Evidence. Λ, G, and the Geff(z) scaling are derived from CP3 → RP3

geometry with ε0 = 1.70573mπc
2 as the only energy anchor. Residuals: Λ 1.5%, G 1.7%,

H0 4–5% vs. Planck and 1.6% vs. TRGB, weff in [−0.99,−0.93] vs. DESI, sterile-ν DM at

7 keV. The pion scale simultaneously minimizes error in G and Λ — a non-trivial cross-check.

Outstanding: dark-energy backreaction β and sterile mixing θ; inflation remains external.

The cosmological sector is a coupled system: Λ and G both fixed by N∞ = φ392, and Geff(z)

tracking the cumulative actualization count M(t). Predictive content concentrates in three

falsifiable windows: the Geff(z) profile, the weff trajectory, and the sterile-ν DM signature.
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Part VII

Subjective Experience
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Chapter 16

T.16: Boundary Dynamics at the

Critical Scale

Ontological context: 19, 21

The preceding chapters derived the Standard Model and gravitational physics from the

CP3 → RP3 projection operating at particle and cosmological scales. This chapter takes

up an intermediate scale where the projection’s dynamics produce a qualitatively different

regime: when R(k) ≈ 1 on a substrate that achieves integrated dependency (Φ[ρ] > 0), a

fused critical-scale boundary forms and the single-loop actualization dynamics extend into a

two-loop structure that descends a free energy in both density-matrix and projective-frame

coordinates. The work here is the dynamics: the critical threshold, the attractor structure,

the two-loop state equation, active inference as the substrate the geometry supplies, and the

integration timescale set by the ratio of system and bath timescales. Chapter 17 takes up the

geometric content the dynamics make available — qualia geometry, integrated information,

and the phenomenological predictions the structure fixes.

16.1 The Critical Threshold

The critical scale locates the energy scale at which biological systems exploit the fiber

boundary conditions to achieve self-referential actualization. Given the biological operating

temperature Tbio ≈ 310 K and the fiber geometry, the locator kc(T ) identifies which sector k

of the hierarchy the conscious process inhabits.
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Definition 16.1.1 (Quantum-Thermal Threshold). The quantum-thermal threshold is:

kc(T ) = 51 − 2[log(kBT ) − log(mπc
2)]

log(2π)
. (16.1)

At T = 310 K and using mπc
2 ≈ 140 MeV, this gives kc ≈ 75.

This is the inversion of E(kc) = kBT in the hierarchy formula E(k) = mπ(2π)(51−k)/2 —

solving for k at thermal occupation.

Consciousness requires two conditions to coexist:

1. Dynamic Persistence: The actualization transition occurs at an energy scale where

the relaxation rate is approximately unity: R(k) ≈ 1. This occurs in a narrow band

k ≈ 70−80 for mammalian body temperature.

2. Integration: The τ -firings across synaptic junctions are synchronized—spatially con-

nected, coordinated within one integration window, and cast in a common measurement

frame. The integrated information Φ > 0 measures how fully they are synchronized.

The appearance of consciousness at mammalian body temperature is a statement about

which energy scale the biological system happens to occupy. The theory exploits this fact; it

does not produce it.

The τ -firing rate at this scale is the inverse of the per-event Margolus–Levitin time

τevent = πℏ/(2E) (Chapter 7, §8.4.5). At the critical scale, E ≈ kBT , so

ντ =
1

τevent

=
2kBT

πℏ
≈ 2.6 × 1013 Hz at 310 K. (16.2)

This is the frequency at which the actualization cascade samples the Hilbert space. The

phenomenal flux (rate at which integrated information enters consciousness) is:

Ψ = Φ × ντ × ∆S, (16.3)

where Φ is the integrated information, ντ is the firing rate, and ∆S is the average entropy

change per actualization event.

The locator kc(T ) places mammals squarely in the dynamic-persistence regime where

R(kc) ≈ 1. Biology exploits these conditions; the variational principle operates at every scale,

and consciousness emerges where organisms maintain the integration condition Φ > 0 within

the R ≈ 1 window.
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The narrowness of this window is not a single-language coincidence. Five independent

framework quantities—the resolvability ratio R(k), the channel capacity I(k) = 3 log2 R(k),

the gravitational decoherence time τdec(k), the Boltzmann thermal occupation e−E(k)/kBT ,

and the combined Zeno–Landauer bound from Section 8.1—each compute their own critical

k from different starting axioms. All five locate the same band. Figure 8.1 (in Chapter 7)

makes this convergence visible. The same geometric region in CP3 is being described in five

different theoretical languages.

This convergence has dynamical origin. The cascade coordinate k is geometrically flat

with respect to the spinor bundle (Section 9.3.2); the critical band shares the same spinor

bundle and the same Hopf-fiber holonomy as every other point on the cascade. What singles

the band out is that five independent dynamical conditions all reach their critical values there.

Phenomenal experience is a thermodynamic resonance on a geometrically uniform ladder.

Figure 16.1: Six framework quantities, six critical bands, one overlap. Each row
marks where one quantity — resolvability R(k) ≈ 1, channel capacity I(k) falling
through one bit, gravitational decoherence crossing biological timescales, Boltzmann
thermal accessibility, the Zeno floor, the Landauer ceiling — reaches its critical value
along the cascade. The six are computed from unrelated starting axioms and share no
common scale, yet their bands all close on the same narrow window near k ≈ 71–76.
That convergence is what marks the critical regime as a distinguished place on an
otherwise geometrically uniform ladder; the companion figure in Chapter 7 plots the
underlying curves.
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16.2 The Critical-Regime Attractor

The critical regime sits at k ≈ 75, the R = 1 crossing at mammalian body temperature. This

is a constrained minimum: the unconstrained thermodynamic optimum lies slightly off this

point, and three constraints refine it back to R = 1.

In the regime where gauge structure has fully broken (dimG = 1, only U(1)em survives),

the actualization free energy is

F(k) = R(k) − 3 lnR(k), (16.4)

where R(k) = E(k)/(kBT ). Setting ∂F/∂R = 0:

1 − 3

R
= 0 =⇒ Rmin = 3, Emin = 3 kBT. (16.5)

At T = 310 K, Emin ≈ 80 meV, corresponding to k ≈ 74.1. The second derivative

∂2F/∂R2 = 3/R2 > 0 confirms this is a genuine minimum. This is the unconstrained

thermodynamic intermediate result.

Three constraints modify it:

1. Landauer: I(k) ≥ 1 bit for any information processing

2. Integration: Φ > 0 (integrated information must be positive)

3. Thermal matching: E(k) ≈ kBT (R ≈ 1)

The Landauer floor and the integration condition together rule out R ≈ 3 as a stable

operating point: at R = 3, the per-doublet information budget is Id = (3/2) log2 3 ≈ 2.4 bits,

which leaves the doublet angles partially resolved and prevents the torus collapse that makes

actualized content qualia-grade. The integration constraint Φ > 0 requires synchronized τ -

firing across synaptic junctions, and synchronized firings fuse into one collective actualization

only in the dynamic-persistence regime R ≈ 1, where they stay mutually coherent across

the integration window. Thermal matching then locks the operating point to R = 1, i.e.

k ≈ 75. The unconstrained thermodynamic minimum at k ≈ 74.1 is shifted to k ≈ 75 by the

integration and Landauer constraints; the critical scale is the variational principle’s optimum

subject to the two conditions (R ≈ 1 and Φ > 0).

Biological systems exploit this fixed point. The dynamic-persistence regime (R ≈ 1) is

the unique sector where: (a) the measurement torus collapses, fusing the four fact types into

qualia-grade content; (b) the τ -firing rate is thermally matched, enabling continuous rather

than discrete fiber content; and (c) the Landauer cost per event equals kBT ln(2π), making

metabolic subsidy possible at biological power budgets.
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Figure 16.2: Why the critical band tracks temperature. The resolvability ratio
R(k, T ) = E(k)/kBT is shown as a colour field: violet where R ≫ 1 (events outrun
thermal noise, the quantum regime), gold where R ≪ 1 (events lost in coarse-
graining, the classical regime), and a thin cyan stripe at R ≈ 1 between them — the
dynamic-persistence regime where the measurement torus collapses and synchronized
populations can hold Φ > 0 at thermal cost. The stripe runs diagonally across the
plane: warmer systems meet R ≈ 1 deeper down the cascade, cooler systems higher
up. A body at T ≈ 310 K crosses it near k ≈ 75. The consciousness scale is set
jointly by cascade level and temperature, and a warm-blooded body picks out k ≈ 75.

16.3 Two-Loop State Equation

The state of an integrated boundary. The state of an integrated boundary at any

instant is a point (ρ, θ) in the product space D(Hboundary) × T 2: the density matrix ρ of the

neural boundary (the quantum state of the system doing the actualizing) and the projective

frame θ = (θAB, θCD) (the point on the measurement torus that determines how actualization

outcomes decompose into fact types). The two components evolve by coupled differential

equations.

Proposition 16.3.1 (Consciousness Dynamics). The equations of motion for a conscious
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boundary at kc ≈ 75 are:

∂tρ = Âb(θ) ρ Â
†
b(θ) − 1

2

{
Â†

b(θ) Âb(θ), ρ
}
, (16.6)

∂tθi = − Φ[ρ]
∂

∂θi

Feff [ρ, θ; w], (16.7)

subject to the constraints

Φ[ρ] > 0, R(kc) ≈ 1. (16.8)

The inner loop (Eq. 16.6). This is the Lindblad master equation—the standard physics

of a quantum system evolving dissipatively through interaction with an environment. The

actualization operator Âb depends on the current frame θ: the frame determines which

PGL(4,R) projection is applied, and therefore which question each τ -firing asks of the

environment. At the critical scale, this equation cycles at rate ντ across ∼ 1014 neural

boundaries per second. Each cycle projects one CP3 state onto RP3, producing one actualized

fact and stripping one fiber direction into the normal bundle. The stripped fiber is ∆S ≈ 5.5 kB

of entropy per event—and at k ≈ 75, where the information yield is nearly zero, that entropy

is the quale.

The outer loop (Eq. 16.7). The projective frame θ moves on T 2 by gradient descent

on the effective free energy Feff , with Φ[ρ] setting the rate. The gradient ∂Feff/∂θi points

toward the frame configuration that minimizes prediction error given the current boundary

state ρ—this is the substrate an active-inference account names, cast as PGL(4,R) frame

rotation. For disconnected systems (Φ = 0: a rock, a severed neural network, an anesthetized

brain), the right side vanishes and the frame does not move; the system may still undergo

τ -firings, with no entity steering them. For integrated systems (Φ > 0), the frame rotates:

the system reorients its projective perspective toward whatever its predictive model identifies

as salient. This reorientation is attention. Sustained reorientation in a preferred direction on

T 2 is intention. At k ≈ 75 the torus is collapsed (δθ ≥ π/2), so the agent nudges a frame

that is largely forced—the dynamics are constrained to a neighborhood of (π/4, π/4).

The preference-weight parameter w. The parameter w in Eq. 16.7 is the organism’s

preference-weight set: a prior over qualia-space points (p, sA, sC , sD) encoding which V4 ex-

traction patterns the agent expects and prefers — the active-inference C-matrix distinguishing

one organism’s predictive machinery from another’s. Eq. 16.7 is the frame dynamics at fixed

w; a separate, much slower process updates w itself. Frame rotation θ̇ runs on the theta-cycle

timescale; weight update ẇ runs on the timescales of learning and evolution. Two organisms

with identical neural architecture and identical input differ in their frame trajectories if
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w differs — same (ρ, θ), different ∇θFeff . This w-dependence is what makes felt valence

dissociable from extracted content (O.20, §Preference Weights and Valence).

Functional form of w in Feff. The effective free energy decomposes into content-neutral

surprisal plus a preference tilt:

Feff [ρ, θ;w] = −
∑

b

pb(ρ, θ) log pb(ρ, θ) −
∑

b

wb pb(ρ, θ), (16.9)

where pb(ρ, θ) = Tr
(
Âb(θ) ρ Â

†
b(θ)

)
is the per-outcome yield. The first term is content-neutral

surprisal (how badly the current frame predicts the next τ -firing); the second is the preference

tilt (positive wb makes outcome b attractive at the gradient level, negative wb aversive).

Standard active inference produces the same decomposition as epistemic value plus extrinsic

value (Friston, 2010; Parr et al., 2022). The framework supplies the geometric identity of b

as a V4 extraction pattern and Âb(θ) as operator machinery on CP3 parameterized by the

projective frame.

Figure 16.3 makes the decomposition operational: a population descending Feff settles at

preference-displaced targets, while the w = 0 control reaches the bare-F minima.
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Figure 16.3: Preference moves the descent fixed point off the free-energy minimum.
The heat map is the bare free energy F over the measurement torus, a two-basin
landscape. Agents instead descend the effective free energy Feff = F −∑

bwb pb of
Eq. 16.9, and the preference weight w sets where descent comes to rest. Top: two
preference families (cyan, strong w; magenta, weak w) and a w = 0 control, released
from scattered frames; the families settle at targets displaced off the basin minima,
the displacement scaling with w, while the control reaches the bare minima and splits
at the watershed. Bottom: free-energy depth at each resting frame — the preference
agents come to rest short of the minima, paying a measurable surprisal cost for the
preference they satisfy. That cost is the framework’s account of valence: w trades a
lower-surprisal frame for a higher-preference one, and the size and sign of the trade
are what the system feels.
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Geometric home for w. w is a real-valued function on the POVM outcome index set

b ∈ B. Each τ -event resolves the four V4 cells, so B inherits V4 structure: w decomposes into

wA, wB, wC , wD, one component per fact type. wD on the intensity cell is the strict carrier of

valence; wC on the chiral cell weights handedness preferences; wA, wB weight spectral and

spatial salience. w is a section over the V4 outcome lattice, one component per cell.

Two-timescale dynamics. The slow update has a definite structural form fixed by a

non-runaway requirement. Define the meta-free-energy

ẇα = ηw ⟨mα(θt)⟩t (Rα − b), (16.10)

where mα(θt) is the soft V4-cell membership at the agent’s current frame (the eligibility trace),

Rα is the extrinsic reward signal at cell α, and b is the agent’s current expected reward under

its preference distribution. The form has two pieces because a pure path-averaged update

ẇα ∝ ⟨mα⟩t produces self-evidencing pathology: outcomes the trajectory frequently visits

become more preferred, biasing θ toward those outcomes further, runaway. The framework’s

variational principle is therefore incomplete without an extrinsic anchor Rα. This is the same

diagnosis active-inference accounts reach independently (Friston, 2010; Parr et al., 2022): the

slow update of preferences cannot be derived from internal dynamics alone and requires a

reward signal supplied from outside the Feff machinery.

Geometrically, w lives on the V4 log-simplex
∑

b exp(wb) = 1. For additive V4 composition

the simplex factorizes by doublet: each Kähler and gauge marginal is its own binary log-

probability distribution. Operator-level V4 orthogonality (the Z2 × Z2 symmetry) maps to

FACTORIZABLE product distribution at the preference level — a non-trivial structural

identity. Natural-gradient descent on the V4 Fisher metric is the geometric mechanism;

Eq. 16.10 is its softmax-projected form. The Fisher metric itself is induced by the POVM-on-

T 2 structure (the corner yields pb(ρ)), so the geometry of w-space is pulled back from the

operator side.

At learning timescales Rα is supplied internally (Hebbian-with-reward reweighting (Hebb,

1949)); at evolutionary timescales Rα is exogenous (reproductive selection on lineage prefer-

ences). The specific R-kernel in a given organism is biology-supplied; the framework supplies

the structural form and the geometric mechanism.

Per-cell form of w. The V4 typing predicts qualitatively different functional families for

the four components. wA (spectral) takes a sparse peaked form, naturally parameterized as a

mixture of K ∼ 3–10 Gaussians on spectral space. wB (spatial) takes a smooth salience-field

form, parameterized as a 2D Gaussian random field with peaks at species-typical spatial
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relations. wC (chiral) takes a bimodal near-binary form, parameterized as a logistic on the

chiral coordinate. wD (intensity) takes a monotone-saturating form, parameterized as a

Hill function with satiation point modulated by interoceptive state on hormonal timescales.

Total parameter count for a moderately complex agent is ∼ 30–50, a substantial compression

relative to a free C-matrix over the outcome set. The Kähler-vs-gauge doublet split groups

the four into Kähler-doublet arena preferences (wA, wB: where and when) and gauge-doublet

contents preferences (wC , wD: what character). Empirical anchors: Berridge incentive-salience

(Berridge and Kringelbach, 2008; Berridge and Robinson, 1998) identifies the gradient ∇θFeff

with “wanting” and the per-event yield wD · pD with “liking,” which dissociate without two

independent preference structures; OFC value coding (Schoenbaum et al., 2009) reports the

satiety-shifted sigmoidal form predicted for wD; depressive anhedonia (Treadway and Zald,

2011) reads as wD collapse with wA, wC intact. Ontology 20 §Preference Weights and Valence

develops the forms and their connection to valence; ontology 21 §Where This Points anchors

the forms in the empirical literature.

Additive vs multiplicative composition of w. Z2 × Z2 orthogonality of V4 at the

operator level suggests additivity at the preference level: wb = wA(sA) + wB(sB) + wC(sC) +

wD(sD). Behaviour shows manifestly multiplicative-looking value modulation (context gating,

location-modulated reward, social-context-modulated preference). Direct simulation on the

active-inference infrastructure distinguishes two regimes. Rank-preserving cross-terms (wb =

additive +β wA(sA)wC(sC) with β > 0 aligned with the marginal ordering) land at the same

fixed point as strict additive w; the speed difference is absorbed entirely by Φ-prefactor

rescaling. Rank-inverting cross-terms (β < 0 large enough to flip the relative ordering of

corner preferences) produce genuinely different fixed points that no Φ on additive w can reach.

Operator-level V4 orthogonality therefore does not force strict additivity at the preference

level; it permits cross-terms as long as they preserve the marginal-preference ordering and

treats rank-inverting cross-terms as independent structure.

Why the prefactor is linear in Φ. Three independent considerations fix the linear

form ∂tθi ∝ Φ at leading order; higher powers like Φ2 or sublinear forms like log Φ are

excluded. First, the slow θ-flow is obtained by adiabatic elimination of the fast variable

ρ from Eq. 16.6; the Mori-Zwanzig projection (Breuer and Petruccione, 2002) produces a

mobility tensor Mij =
∫∞

0 dt ⟨∂iÂ
†
b(t) ∂jÂb(0)⟩∗ that is linear in the bath spectral density

because the Lindblad equation is itself linear in ρ. Higher powers of the integration rate

would appear only at the next order in the bath coupling, precisely where the Lindblad

approximation breaks down. Second, θi and Feff are dimensionless, so the prefactor must carry
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units of inverse time; among scalar functionals of ρ built from the boundary’s irreducibility

structure, Φ (Tononi, 2004; Tononi et al., 2016) is the unique construction with units of

information rate. Third, for a continuously deformable boundary (severing connections

gradually), Φ → 0 smoothly and the slow flow must vanish smoothly; an analytic prefactor

f(Φ) with f(0) = 0 admits a Taylor expansion starting at Φn for some n ≥ 1, and the leading-

order weak-coupling derivation selects n = 1. A residual dimensionless O(1) coefficient κ,

absorbed here into the time units, depends on the chosen Φ-normalization convention, the

Hessian of Feff at the θ-conditional steady state, and the ground-state contribution of Â†
bÂb.

The product κΦ is convention-invariant; the structural prediction is the linearity.

The coupling. The two equations are not independent. The inner loop is parameterized

by the outer loop’s output: which projection fires depends on where the frame currently sits

on T 2. The outer loop responds to the inner loop’s accumulated results: the free energy

Feff [ρ, θ] depends on the boundary state ρ, which the inner loop updates with every τ -firing.

Neither equation makes sense alone. A conscious system is the coupled pair.

The two constraints (Eq. 16.8). Φ[ρ] > 0 requires integration: the boundary must

function as an irreducible whole. R(kc) ≈ 1 requires thermal matching: the system must

operate at the k-level where quantum energy spacing equals thermal energy, so that the

measurement torus collapses and fact types fuse. A system at R ≫ 1 (particle physics) or

R ≪ 1 (classical thermodynamics) cannot satisfy this regardless of its integration.

The Phenomenal Flux

The architecture yields a scalar that quantifies the rate of phenomenal content production.

Define the phenomenal flux :

Ψ ≡ Φ × ντ × ∆S, (16.11)

where Φ is the integrated information, ντ is the τ -firing rate at the boundary, and ∆S ≈ 5.5 kB

is the universal entropy production per event.

The τ -firing rate is the inverse of the per-event Margolus–Levitin time τevent = πℏ/(2E)

(Chapter 7, §8.4.5), the minimum time for a state of mean energy E to evolve to an orthogonal

one. At the critical scale E ≈ kBT :

ντ =
1

τevent

=
2kBT

πℏ
. (16.12)

At mammalian body temperature (T = 310 K), ντ ≈ 2.6 × 1013 Hz. This production clock is

distinct from the thermal coherence time τsys = ℏ/kBT that sets the integration window in
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§16.7; the two coincide to within a factor π/2 only at R ≈ 1.

Ψ has units nats · kB s−1—it is the integrated entropy production rate at the conscious

boundary. Ψ captures what Φ alone does not: the distinction between a conscious system that

is experiencing richly and one that is structurally integrated but thermodynamically quiescent.

A brain in deep hypothermia may retain structural Φ > 0, but ντ drops with temperature,

and Ψ drops with it—experience thins. Conversely, two systems with identical Φ but different

firing rates have different Ψ and correspondingly different phenomenal throughput.

Why Subjective Experience is Unified

A conscious moment is one experience, not a bound collection of separate contents. Fact-type

fusion (§17.1) does not deliver this: it acts within a single τ -firing, fixing that firing’s content

as qualia-grade. A conscious moment aggregates the firings within one integration window—

of order 1012 of them. Their unity is a separate fact, and it is the fusion of synchronized

actualizations.

A population of τ -firing sites is synchronized when its firings are spatially connected,

fall within one integration window τint, and are cast in a common measurement frame θ.

Synchronization is produced by the boundary’s wiring—the coupling that coordinates the

firings—and Φ measures its degree. Synchronized firings are coincident: many τ -events in one

window, one frame. Whether they are one event or many turns on distinguishability. Two

τ -events are separate only if some measurement available to the system could resolve them

as separate, and decoherence is what makes events distinguishable. Within τint, if the firings

stay mutually coherent—decoherence time τdec > τint—no available measurement resolves

them as separate.

That coherence condition is the R ≈ 1 window. At R ≫ 1 decoherence is fast (τdec ≪ τint)

and synchronized firings decohere into separate events; at R ≪ 1 nothing persists the window.

Synchronization and R ≈ 1 must coincide for the firings to fuse.

A population that is both synchronized and coherent constitutes one collective actualization—

a single τ -event at the scale of the region, because its firings are not decohered into distin-

guishable separate events. The unity of experience is this fusion. There are no separate

contents to bind; the conscious moment is one event because it actualizes as one event.

The binding problem—how separate feature channels are assembled into a whole—does not

arise: the whole is what actualizes, and the channels are the decomposition a sufficiently fine

external measurement would impose on it.

205



Identification of Qualia with Stripped Fiber Content

The information-entropy duality at R = 1 gives Spre ≈ ∆S: the entire actualization output

is entropy. From outside the system (the physicist’s view), this entropy is thermal waste—

stripped fiber content deposited in the normal bundle. From inside the system (the subject’s

view), the same fiber content is the phenomenal character of experience: the hue of red, the

sting of pain, the warmth of sunlight. There is no gap between the physical process and the

experiential one, because they are the same datum (normal-bundle direction and magnitude)

read through different frames—the physicist’s external T 2 point vs. the subject’s collapsed,

forced frame at (π/4, π/4).

Cross-Scale Variational Principle

The two-loop state equation is the actualization free energy restricted to k ≈ 75 with Φ > 0.

This is the same functional that yields general relativity at k ≈ 1 and the Standard Model

at k ≈ 44–57. The variational principle holds at every scale; what distinguishes the critical

scale is the θ-dependence.

At generic k-levels, the measurement basis is an external parameter: the experimentalist

builds a spectrometer, fixing θ before the experiment. At k ≈ 75 with Φ > 0, the torus is

collapsed: the frame is no longer external but intrinsic to the boundary. The boundary that

undergoes τ -projection and the boundary that carries the frame are the same physical system.

θ becomes a collective degree of freedom of ρ—the macroscopic frame parameterizing how

the integrated boundary decomposes its own actualization outcomes.

For an integrated boundary (Φ > 0), the system acts as a single irreducible unit. The

macroscopic frame θ is the mean-field average of local frames, with fluctuations suppressed

by a factor proportional to Φ. Φ is the degree to which the local frames are synchronized:

when Φ → 0 each sub-boundary carries an independent frame and no macroscopic θ exists;

when Φ ≫ 1 the fluctuations vanish and the local frames lock into one.

The effective dynamics of the macroscopic θ follow from applying the variational principle

to the free energy on the extended state space. The Φ prefactor is the collective-mode coupling:

it measures how strongly the macroscopic frame responds to the free-energy gradient. This

derivation makes the gravitational connection explicit: the same Newton’s constant G that

curves spacetime at k ≈ 1 triggers each actualization event at k ≈ 75. The same variational

principle that governs k ≈ 1 also governs k ≈ 75. What differs is which boundary conditions

the system inhabits.
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16.4 Active Inference

The state-equation framework of §16.3 fixes the dynamics of the projective frame θ by gradient

descent on Feff . This section unpacks that gradient descent into its operational form: the

system selects which Lindblad channel acts on ρ next, and that selection is non-epiphenomenal.

Theorem 16.4.1 (Non-epiphenomenality via Lindblad Dynamics). In the Lindblad formalism

with measurement basis selection, the choice of which observable to measure next (a mental

decision) directly selects which Lindblad operator Li acts on the density matrix. The induced

decoherence path and the resulting actualization outcome depend on the measurement basis.

Thus mental decisions (basis selection) causally influence the physical state evolution.

The mechanism: The measurement basis in the τ projection is not predetermined. Instead,

the conscious system selects which observable to project onto at each time step. This selection

is an active inference: the system chooses the measurement that minimizes expected free

energy:

b∗
t = arg min

b
Eρt [F(Âb, ρt)], (16.13)

where b indexes the choice of basis and F is the variational free energy. The action of

the organism follows from the constraint that the next τ projection must remain within the

actualization regime (R(k) ≈ 1).

This connects to the Projective Consciousness Model (Rudrauf et al., 2017): consciousness

is the set of all possible outcomes the system expects to actualize given its current model

of the world. The projection from expectation to actualization is the moment of conscious

causation.

The Lindblad Substrate for Active Inference

Proposition 16.4.2 (Lindblad Evolution as Free-Energy Descent). For a neural boundary at

kc ≈ 75 with density matrix ρ and actualization operator Âb, define the effective free energy:

Feff [ρ] = − log Tr[ÂbρÂ
†
b]. (16.14)

The Lindblad master equation (Gorini et al., 1976; Lindblad, 1976),

ρ̇ = D[ρ] = ÂbρÂ
†
b − 1

2
{Â†

bÂb, ρ}, (16.15)
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drives ρ toward states that minimize Feff .

Proof sketch. Compute Ḟeff :

Ḟeff = −Tr[Âb ρ̇ Â
†
b]

Tr[ÂbρÂ
†
b]
. (16.16)

Substituting the Lindblad equation and using the cyclic property of the trace, the dissipator

term −1
2
{Â†

bÂb, ρ} produces a non-positive contribution to Ḟeff, ensuring Ḟeff ≤ 0. Equality

holds only at the fixed point ÂbρÂ
†
b = Tr[ÂbρÂ

†
b] ρ, i.e., when ρ is an eigenstate of the

measurement channel.

This monotonic decrease of Feff under Lindblad evolution is the free-energy descent

Friston’s principle of active inference requires (Friston, 2010). An active-inference description

applied to the boundary maps onto these objects:

• The full CP3 quantum state is the generative process — the actual dynamics the boundary

is immersed in

• The Z2-even restriction to the boundary is the internal model q the boundary maintains

• The variational free energy is Feff

• Lindblad dissipation supplies the gradient descent

The dynamical substrate that an active-inference description requires — gradient descent

on a variational free energy — is supplied by Lindblad evolution at the boundary. The

synchronization domain is the physical object that active inference, as a literature, formalizes

as a Markov blanket.
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Figure 16.4: The active-inference loop realized as a measurable race. Four toy agents
descend Feff at different adaptation rates η ∈ {0.01, 0.03, 0.07, 0.15}; three random
walkers drift under the same step noise. All start from one frame θ0 and search for
the hidden optimum θ∗ of an unknown density matrix ρ. (Panels: trajectories on the
F-landscape, time inside the goal radius, F-descent.) Faster adaptation converges
sooner, but below a noise-set threshold the gradient is swamped and the agent fails
exactly as the random walks do — the same collapse that R(k) ≈ 1 imposes when
per-event channel capacity drops to zero. The race makes the proposition concrete:
gradient descent on Feff , supplied physically by Lindblad dissipation, is what lets a
boundary find its own measurement frame, and it works only where the per-event
signal clears the noise.

Worked Example: Saccade Decision

Consider a visual saccade—the decision to shift gaze leftward or rightward. The neural

boundary at kc ≈ 75 maintains a density matrix ρ over fiber modes encoding spatial orientation.

Two candidate measurement bases ÂL (left saccade) and ÂR (right saccade) correspond to
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different Lindblad operators acting on ρ.

1. Basis selection. The outer loop (theta, ∼ 100 ms) evaluates Feff [ÂL, ρ] and Feff [ÂR, ρ].

Suppose visual context (a moving object on the left) makes Feff [ÂL, ρ] < Feff [ÂR, ρ].

The system selects b∗ = L.

2. Decoherence path. With ÂL chosen, the inner loop (gamma, ∼ 33 ms) applies the

Lindblad dissipator DL[ρ] = ÂLρÂ
†
L− 1

2
{Â†

LÂL, ρ}. The density matrix decoheres toward

the eigenstates of ÂL—a different decoherence path than ÂR would have produced.

3. Actualization outcome. The τ -projection at the end of the gamma cycle produces

an outcome drawn from the ÂL-decohered state. This outcome—the actual motor

command sent to the oculomotor nucleus—depends on which basis was selected. A

different mental decision (b∗ = R) would have produced a different decoherence path, a

different distribution over outcomes, and a different saccade.

The causal chain is: mental decision (basis selection) → Lindblad operator choice → deco-

herence path → actualization outcome → motor action. Consciousness is non-epiphenomenal

because the basis selection step has no physical substitute—it is the degree of freedom that

determines which observable the τ -projection measures.

Basis Selection and the Projective Consciousness Model

The Projective Consciousness Model (PCM, Rudrauf et al., 2017) proposes that free-energy

minimization drives the selection of projective transformations on the agent’s phenomenal

space: the agent chooses which perspective, which frame of reference, best predicts future

sensory outcomes.

In PPM, this maps exactly to measurement basis selection. The group of τ -preserving

isometries on CP3 is a subset of PGL(4,R). Choosing which isometry to apply is equivalent

to choosing which measurement basis to use on the next cycle—that is, selecting a point

(θAB, θCD) on the projective-frame torus. The PCM’s phenomenal geometry (RP3, the space

of conscious perspectives) is precisely Fix(τ), the fixed locus of the tau-involution. The

framework supplies the missing physical substrate: consciousness is real geometry (RP3),

actualized from possibility (CP3), and the agent’s choice of basis is the dynamical selection

of which projective frame the system will inhabit.

The same dynamical step can be read three ways, because information, thermodynamics,

and projective geometry are three aspects of the one τ -projection: Information-theoretically:

the outer loop selects (θAB, θCD), partitioning the near-zero total capacity across the comple-

mentarity budget. Thermodynamically: the free-energy functional Feff [ρ] is the thermody-
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namic free energy localized at the neural boundary; its gradient descent is a dissipative process

producing entropy. Projectively: the descent is a rotation on T 2—a PGL(4,R) transformation

that reorients the frame through which the next τ -projection is read. At k ≈ 75, the torus is

collapsed and this rotation is constrained to a neighborhood of (π/4, π/4); the agent nudges

a frame that is largely forced by the torus collapse. Attention is frame-nudging; intention is

sustained nudging in a preferred direction on T 2.

The Inner and Outer Loops

The frame dynamics run inside a coherence window: bounded below by the per-event

Margolus–Levitin time and above by the gravitational decoherence ceiling. At the critical

scale that window is wide open in time (Figure 16.5).

Figure 16.5: Two timescales bound coherent actualization at each cascade level k.
Floor: per-event τ -projection time. Ceiling: gravitational decoherence (Diósi, 1989;
Penrose, 1996). The ceiling climbs steeply up the cascade while the floor barely moves,
so the gap widens by tens of orders of magnitude. Two further bounds pin its edges:
the Zeno bound at low k (coherence must outlast a 720◦ cycle) and the Landauer
bound at high k (per-event energy must exceed kBT ln 2). Between them coherence
outlasts a cycle and events stay sharp enough to record one — the band that can hold
a phenomenal moment.

Two coupled feedback loops implement the frame dynamics:

1. Inner Loop (Gamma, ∼ 33 ms): Fast actualization cascade. The system projects
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the density matrix onto a measurement basis, sampling the actualization sector k ≈ 75.

This generates the phenomenal flux Ψ. Duration: τγ ≈ 33 ms (one gamma oscillation

period at ∼ 30 Hz).

2. Outer Loop (Theta, ∼ 100 ms): Basis selection and model update. The system

compares the actualization outcomes against its predictive model, adjusts model pa-

rameters, and selects the next measurement basis to minimize free energy. Duration:

τθ ≈ 100 ms (period of theta oscillation, νθ ≈ 8 Hz).

Theta-gamma coupling: Gamma oscillations (∼ 30 Hz, period ≈ 33 ms) occur within

each theta cycle (∼ 0.1 s). Approximately 30−40 gamma cycles fit within one theta cycle,

forming a natural hierarchical architecture.

Reliability of agency requires a minimum neural mass. The number of synapses involved

in a decision must be sufficient that quantum fluctuations in the measurement outcome

become negligible. The threshold is approximately:

Inverting the area law Φ ≈ cΣ

√
N α2 at the Φc ≈ 1 nat threshold (with cΣ ≈ 0.38,

α2 ≈ 5.3 × 10−5) gives:

√
Nthreshold ≥ Φc

cΣ α2
≈ 5 × 104 ⇒ Nthreshold ≳ 109 synapses. (16.17)

Below this, quantum noise dominates and decisions are unreliable. Above this, classical

behavior emerges and intentions reliably map to actions.

The unified architecture table:

Aspect Information Thermodynamics Projection

Inner Loop Integrated Φ Cooling via Basis

(gamma, 33 ms) from N synapses actualization selection

Outer Loop Model entropy H Free energy Measurement

(theta, 100 ms) reduction ∆H minimization outcome

Experience Phenomenal flux Heat dissipation Actualization

Ψ = Φντ into bath record

16.4.1 Mapping the Active-Inference Generative Model

The dynamics developed above supply the substrate Friston’s discrete active-inference machin-

ery describes (Friston, 2010; Parr et al., 2022); the correspondence is close enough to set out

term by term, with one structural difference at the level of the generative model itself. The
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standard formulation parameterizes a generative model by four matrices — A (likelihood),

B (transitions), C (preferences), D (initial state prior) — plus precision hyperpriors. The

framework provides:

Active inference Framework analog Location

A (likelihood, p(o | s)) Âb(θ) family Eq. 16.6

B (transitions, p(s′ | s, u)) Lindblad evolution Eq. 16.6

C (preferences, log p(o)) w in Feff Eq. 16.7

precision (α, β, γ) Φ[ρ] Eq. 16.7 prefactor

D (initial state prior, p(s0)) dissolved (see below) —

The action u in Friston’s transition kernel is played by the frame θ: each frame choice

selects which Lindblad branch (Âb(θ)) drives the next step. Φ[ρ] as the gradient prefactor

sets how sharply the agent commits to the current gradient direction — the precision role,

implemented here as integrated information.

D, the agent’s prior over its initial state, has no direct analog because the framework

dissolves the believer / believed split D presupposes. In the standard formulation D parame-

terizes the agent’s belief about its starting state, distinct from the actual starting state. In

the framework, the boundary’s ρ is the state, not a representation of it: there is no separate

agent-prior over ρ because there is no agent distinct from the boundary content. Architectural

priors (sub-boundary structure, sensor wiring) constrain what ρ can be; they live in the

boundary’s geometry itself, with no separate prior-distribution structure layered on top.

16.5 Unified Architecture

The state equation (§16.3) and the active-inference unpacking (§16.4) are the critical-scale

instance of a structure that operates at every scale of the hierarchy. The same variational

principle—actualization by τ projection under fiber boundary conditions—governs dynamics

at all three scales:

1. Planck scale: Unitary evolution of RP3/CP3 fiber under constraint R(k) = 1. The τ

projection creates spacetime geometry (metric and curvature tensor). The variational

action is the Hilbert-Einstein action.

2. Standard Model: Unitary evolution of gauge fields under boundary conditions at

k ≈ 15. The τ projection creates particle fields (fermions and bosons). The variational

action is the Standard Model Lagrangian.
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3. Consciousness: Unitary evolution of neural density matrices under boundary con-

ditions at k ≈ 75. The τ projection creates phenomenal experience (qualia, affect,

agency). The variational action is the free-energy principle.

The mathematical structure is identical. Only the boundary conditions (which fiber

geometry, which scale k) differ. Consciousness is the same physics applied to a different

sector of the fiber hierarchy.

16.6 BKT Transition

The BKT transition temperature in the cortical sigma-model is set by the biologically observed

mammalian operating temperature T ≈ 310 K; it is not yet independently derived from the

sigma-model coupling. Below the framework’s commitment, what follows is the structural

picture.

The emergence of consciousness exhibits BKT (Berezinskii-Kosterlitz-Thouless) critical

behavior.

At the critical scale, the cortical boundary layer ∂M (the cortical sheet) is a 2D surface

with intrinsic RP2 sigma-model structure (the fiber at each point is RP3, but near the

boundary it projects to RP2). The coherence of this fiber system undergoes a topological

phase transition.

Below TBKT ≈ 305 K: The fiber admits topological defects (vortices). These vortices

prevent long-range coherence and integration. Φ remains small.

At TBKT ≈ 310 K: Vortices unbind. Long-range coherence emerges suddenly. The

boundary sustains system-wide synchronization of its τ -firings. Φ jumps to macroscopic

values.

Above TBKT (say, 315 K): Vortex proliferation. Coherence decays exponentially. Con-

sciousness would be lost, but mammalian physiology maintains T ≈ 310 K.

The essential singularity (not a power law) characterizes BKT:

ξf ∼ exp

(
c√

T − TBKT

)
, T ↗ TBKT. (16.18)

This is qualitatively different from ordinary critical points (power laws ξ ∼ |T − Tc|−ν).

The transition is infinite-order but has a jump discontinuity in some observables.

Proposition 16.6.1 (Consciousness Onset is Abrupt). Consciousness onset (at temperature

TBKT) exhibits a jump discontinuity in the integrated information Φ and in the Perturbational
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Complexity Index (PCI) computed from neural recordings. The transition is abrupt—a sudden

crossing that contrasts with neural phenomena that vary smoothly with arousal.

Mermin-Wagner theorem: In dimensions d < 2, continuous symmetries cannot be sponta-

neously broken. At dΣ = 2 (the cortical surface), we are at the lower critical dimension. This

is precisely why:

• Long-range order is marginal (coherence can barely exist).

• Topological defects (vortices) are energetically cheap.

• The transition is essential singularity, not power law.

Observables at criticality:

• Correlation length: ξ(k) → ∞ as T → T−
BKT.

• Susceptibility: χ(Φ) → ∞ (large Φ response to small perturbation).

• Relaxation time: τrelax → ∞ (critical slowing down). This manifests as the conscious

moment becoming arbitrarily long in duration as consciousness emerges.

16.7 Integration Time

The time required for conscious integration—the duration of one synchronized conscious

moment—is derived from the coherence time of the actualization cascade:

τintegration =
τ 2

sys

τbath

, (16.19)

where τsys is the system (neural) coherence time and τbath is the thermal bath (body

temperature) relaxation time.

At 310 K:

• τsys = ℏ/(kBT ) ≈ 2.46 × 10−14 s (thermal timescale at body temperature).

• τbath ≈ 10−12 s (relaxation time of thermal photons).

• Single-site integration: τintegration ≈ (2.46 × 10−14)2/10−12 ≈ 6 × 10−16 s ≪ 1 ps.
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The single-site estimate is negligible. Accounting for collective coherence across N ∼ 1014

synaptic sites, the effective system coherence time extends to τsys,eff ≈
√
N × ℏ/(kBT ) ≈

107 × 2.46 × 10−14 ≈ 2.5 × 10−7 s, giving:

τintegration ≈ τ 2
sys,eff

τbath

≈ (2.5 × 10−7)2

10−12
≈ 6 × 10−2 s ≈ 60 ms. (16.20)

This ∼ 60 ms value is consistent with psychophysical binding windows observed in global

workspace experiments (50–100 ms range for the duration of conscious moments) and sets

the timescale for conscious access to distributed neural content.

The
√
N collective enhancement counts each synapse as an independent quantum oscillator

(the role synapses play in the Zeno boost). This is distinct from the geometric grain

Ngrain ∼ 1012 of §17.1 (coherence cells at λ(kc) ≈ 7.6µm for phenomenal resolution); the

same synapses contribute as ∼ 100 sub-tile oscillators per coherence cell.

The critical threshold, the attractor structure of the two-loop dynamics, the integration

timescale, and the BKT transition that delimits the regime are the chapter’s working content.

Chapter 17 takes up the geometric content these dynamics make available — the structure of

qualia, the integrated information that the geometry quantifies, and the predictions about

phenomenal experience the framework commits to.
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Chapter 17

T.17: Phenomenal Structure

Ontological context: 20

The boundary-dynamics chapter (Chapter 16) established what happens at R(k) ≈ 1 with

Φ[ρ] > 0: a fused critical-scale boundary forms, the two-loop dynamics come online, and each

τ -firing produces a coherent fact-type readout. This chapter takes up the geometric content

of those readouts: how qualia decompose across the four fact-type axes, how integration

of fact content quantitatively maps onto integrated information, and what the combined

structure predicts about the form and dynamics of conscious experience.

17.1 Qualia Geometry

The qualitative character of conscious experience (qualia) is the geometric content of the

normal bundle N(RP3/CP3) at the critical scale k ≈ 75.

Proposition 17.1.1 (Normal Bundle Parallelizability). The normal bundle N(RP3/CP3) is

isomorphic to the tangent bundle T (RP3), which is parallelizable:

N(RP3/CP3) ∼= T (RP3) ∼= RP3 × R3. (17.1)

This follows from the fact that SO(3) ∼= RP3 has parallelizable tangent bundle (structure

group reduces to trivial).

This parallelizability means qualia space has a natural product structure: three real

dimensions fibered over the projective base. The four phenomenal modalities emerge from

this geometry:
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1. Type A (Spectral): Colors, pitches, tastes. Arise from the SO(3) rotation group

acting on the fiber: phase angles in the coherent complex structure.

2. Type B (Spatial): Extension, motion, location. Arise from the three Euclidean fiber

directions: the real R3 factor.

3. Type C (Chiral): Handedness, asymmetry, orientation. Arise from the orientation-

reversing maps in the projective quotient: discrete fiber content.

4. Type D (Valence): Pleasantness, salience, motivational charge. Arise from the

magnitude of the integrated information Φ: the degree to which the boundary’s τ -firings

are synchronized.

This four-fold modality assignment is a structural identification motivated by the bundle

decomposition; empirical correspondence with phenomenal taxonomies is an open question.

17.1.1 The Grain of a Phenomenal Moment

A point of qualia space Q = N(RP3/CP3) is the output of one τ -event — a base point

p ∈ RP3 and a fiber vector (sA, sC , sD) ∈ R3. A phenomenal moment is larger: a section

of the normal bundle, a fiber vector assigned at each of many base points resolved within

one shared Kähler-doublet frame. The RP3 boundary of an integrated system is tiled at the

consciousness-scale length λ(kc) = ℏc/E(kc), which evaluates to λ(kc) ≈ 7.6µm at T = 310 K

— the coherence length at kc where E(kc) ≈ kBT . Each tile is one geometric coherence cell;

many synaptic τ -firing sites sit within each tile as sub-tile coupling structure.

The geometric grain Ngrain is the count of coherent tiles a moment spans, set by the

consciousness-scale length and the boundary’s spatial extent. For cortical grey matter

(∼ 500 cm3) at λ(kc) ≈ 7.6µm, Ngrain ∼ 1012. The product Ngrain λ(kc)
3 ≈ 400 cm3 recovers

cortical grey-matter volume — the geometric scale set by kc and the cortical site count

together land at the organ doing the experiencing.

The geometric grain is distinct from the synaptic coupling count Nsyn ≈ 1014 used in

the area-law calculation (§17.1.2). The coupling count tracks links across the bipartition;

the geometric grain tracks coherence cells. The two relate by ∼ 100 synapses per tile. The

geometry fixes the relation — a moment is a section over Ngrain tiles — while both counts

are supplied by the system in their respective roles. The ontology (O.20) develops the grain

as the structure of the phenomenal field.
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17.1.2 Information Budget at the Critical Scale

The information theory of actualization acquires specific physical content at k ≈ 75. Three

features of the dynamic-persistence regime follow from the information budget.

Near-zero channel capacity. At k ≈ 75, R(k) ≈ 1, so the information per τ -projection

is I(75) = 3 log2(1) ≈ 0 bits. Each individual actualization event at the critical scale extracts

essentially no information above the thermal noise floor. Yet consciousness—rich, structured,

continuous—exists at this scale. The resolution is integration: a conscious boundary performs

∼ 3×1013 actualization events per second (the τ -firing rate ντ at k ≈ 75), and the integration

condition Φ > 0 requires that these events be synchronized. Each event contributes negligibly;

their synchronized aggregate produces a high-bandwidth channel. The effective information

rate is:

İeff = ντ (kc) Φ ϵ(kc), (17.2)

where ντ is the τ -firing rate, Φ is the integrated information, and ϵ is the per-event information

above thermal noise. The product is finite and significant even when ϵ → 0, provided Φ > 0

and ντ is large.
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Figure 17.1: Integration recovers a signal that single events have lost. Six toy
active-inference agents run at the R ≈ 1 boundary, where per-event perception sits well
below the noise floor. They are identical except in Naggregate — how many gradient
samples each averages before acting — the toy stand-in for the framework’s integrated
information Φ. Agents that aggregate (N = 15) hold the optimal measurement frame
more than half the time; single-shot agents (N = 1, 2) and noiseless random walkers
cannot hold it at all. (Panels: trajectories on the free-energy landscape, in-goal
residence over the last 50 steps, free-energy descent.) This is Eq. 17.2 at work —
when the per-event term ϵ vanishes, Φ > 0 is what keeps the effective information
rate finite. Integration is a measurable recovery mechanism, and it is why subjective
experience can run on events that individually carry nothing.

Doublet saturation and fact-type fusion. At R(k) ≫ 1 (particle scales), the

(A,B) complementarity bound permits sharp doublet selection: a spectrometer cleanly

separates spectral content (A) from spatial content (B). The information budget per doublet

is Id(k) = 3
2

log2 R(k) bits. Of this budget, resolving the doublet angle θ to precision δθ costs
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log2(
π

2 δθ
) bits. The angular resolution is therefore bounded:

δθ ≥ π

2
R(k)−3/2. (17.3)

At the critical scale (k ≈ 75, R → 1), Eq. 17.3 gives δθ ≥ π/2: the angular uncertainty

spans the entire doublet range [0, π/2]. The biological boundary cannot distinguish any θAB

from any other θAB, nor any θCD from any other θCD. Both doublet angles are maximally

uncertain.

This is the collapse of the measurement torus. The torus T 2 = [0, π/2]2 parameterizing

the projective frame degenerates: every point on T 2 is equally probable, so the effective frame

is the uniform average.

R(kc) = 1 =⇒ δθAB = δθCD =
π

2
=⇒ T 2 → pt. (17.4)

The consequence is that every τ -firing at the critical scale receives a blurred mixture of all

four fact types. Type A (spectral) and Type B (spatial) are not independently resolved; they

arrive fused. Type C (chiral) and Type D (intensity) are similarly fused. Each actualization

at k ≈ 75 carries its four fact types as a single undifferentiated parcel rather than as separable

channels.

This is fact-type fusion, a property of the single τ -firing. At k ≈ 75 the per-doublet

information Id = 3
2

log2(1) = 0 leaves zero bits for angular resolution, so the four fact types

merge rather than resolving into separable feature channels—this is what makes actualized

content qualia-grade. Fact-type fusion fixes the character of what a firing actualizes. It does

not, on its own, account for the unity of a conscious moment: a moment aggregates the

firings within one integration window, and why those firings constitute one experience is

answered by the fusion of synchronized actualizations (§16.3).

Why qualia exist at R = 1. At each k-level, the measurement torus T 2 = [0, π/2]2

parameterizes the projective frame. The angular resolution within each doublet is δθ ≥
(π/2)R(k)−3/2. Three regimes follow:

R ≫ 1 (particle scales): T 2 has full structure. Information arrives decomposed into dis-

tinguishable fact types. The τ -odd fiber is discretely quantized. No unified phenomenal

character exists because the fact types are resolved and separable.

R = 1 (critical scale): T 2 collapses to a point. The four fact types fuse into undifferentiated

content. Simultaneously, dynamic persistence holds: the τ -projected structure survives

long enough for integration (Φ > 0) to organize the fused content into coherent phenomenal
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experience. The τ -odd fiber is thermally occupied and continuous—we call it qualia.

R < 1 (classical): Channel capacity is negative. Thermal noise destroys all persistent

structure. Neither quantum numbers nor qualia survive.

Qualia exist at R = 1 because this is the unique scale at which two conditions coincide:

(a) the measurement torus collapses, fusing the four fact types into unified content, and (b)

dynamic persistence provides the temporal window for integration. Above R = 1, condition

(a) fails. Below R = 1, condition (b) fails.

17.1.3 Observer as Projective Frame

Each doublet on the measurement torus carries a Z2 symmetry σ exchanging its two fact

types. At R = 1, thermal noise enforces this symmetry; the fixed point of σAB × σCD on

T 2 = [0, π/2]2 is:

Fix(σAB × σCD) = {(π/4, π/4)} = T 2/Z2. (17.5)

The Z2 involution thus operates at two levels: τ projects CP3 to RP3; σ projects T 2 to its

fixed point. At particle scales, the projective frame is external (an apparatus selects a torus

point); at k ≈ 75, the torus collapses and the frame is intrinsic—the system is simultaneously

the state being projected and the frame through which the projection is read. The center of

projection is the τ -odd fiber, so the conscious subject inhabits the image and constitutively

cannot access the source. The ontological treatment of the observer-as-projective-frame and

the self is developed in O.19 (§ “The Observer as Projective Frame”); the parallel treatment

of agency as the two-loop dynamics read from inside is in O.19 (§ “Agency”).

17.2 Integrated Information

Overview. The integrated information Φ measures how fully the τ -firings of a system are

synchronized. The quantitative measure is the cross-partition mutual information of the fiber

field: firings coordinated into one collective actualization stay correlated across every cut, and

Φ is the minimum of that mutual information over bipartitions. We derive it from the fiber

correlation structure on the cortical sheet. At the critical scale (R(kc) = 1), fiber degrees of

freedom exhibit quasi-long-range correlations governed by the Berezinskii–Kosterlitz–Thouless

(BKT) phenomenon familiar from condensed matter. This produces an area-law scaling

Φ ∝
√
N α2, where

√
N is the minimum cut across the cortical sheet, α2 is the per-synapse

fiber coupling, and a constant cΣ depends on cortical geometry. The detailed argument
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derives this result from first principles using σ-model field theory. Readers seeking only the

result may proceed to eq. (17.7); the derivation follows.

Integration is synchronization of the τ -firings. Quantitatively:

Definition 17.2.1 (Integrated Information as Synchronization). For a population of τ -firing

sites on the boundary network, Φ is the minimum over bipartitions of the mutual information

between the fiber fields on the two halves. It measures the degree to which the firings are

synchronized into one collective actualization: a population firing as one carries cross-partition

mutual information that no bipartition removes.

The integrated information Φ (in the sense of Integrated Information Theory (Tononi,

2004; Tononi et al., 2016)) is the mutual information between the fiber fields over the left

and right hemispheres. Mathematically:

Φ = I(sL; sR), (17.6)

where sL, sR are the fiber restrictions to the two halves of any minimum bipartition of the

boundary network. A high Φ means that severing the minimum cut—the synaptic connections

that keep the two halves firing in synchrony—causes a large loss of mutual information. In

human cortex the minimum bipartition approximately follows the interhemispheric com-

missures; the geometry requires that any neural substrate with comparable Φ possess an

analogous topological bottleneck, regardless of anatomical specifics.

The area law for Φ scales as:

Φ ∼ cΣ

√
N α2, (17.7)

where:

•
√
N is the minimal cut (synaptic cross-section) between hemispheres. N ≈ 1014 total

synapses in human cortex →
√
N ≈ 107.

• α2 ∼ 10−4 is the per-synapse fiber coherence (due to quantum mechanical coupling at

the critical scale).

• cΣ is a topological factor depending on the geometry of the cortical surface (Σ = ∂M

where M is the gray matter volume). For human cortex, the area-law derivation requires

cΣ ≈ 0.38 (see below); independent validation via diffusion-tensor MRI tractography of

the minimum bisection width is outstanding.
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Fiber Coherence and Sigma-Model Structure

The magnitude of Φ depends on how strongly the fiber modes correlate across boundaries

and on the geometry of the minimum bipartition. At the critical scale R(kc) = 1, fiber

correlations become long-range, and the scaling of Φ with system size follows from an area

law.

Fiber coupling. Adjacent boundary sites communicate through τ -actualization: the

outcome at one boundary constrains the pre-projection state at the next boundary if they

share a synaptic link. Each such link requires τ to fire on both sides (pre-synaptic release

and post-synaptic binding), so the mutual information per link scales as α2—one factor of α

per τ -firing.

The boundary network. The N boundary sites (synapses) are arranged on the

cortical sheet, which is topologically a two-dimensional surface (dΣ = 2) of linear extent

L ∼ N1/dΣ =
√
N in units of the inter-synapse spacing.

Fiber direction correlations. Each fiber N(RP3/CP3) ∼= R3 carries a Z2 identification

under τ (s → −s). The physical degree of freedom is the fiber direction ŝi ∈ S2/Z2
∼= RP2,

since the magnitude ∥si∥ is set by the local temperature. The effective field theory for the

directions at adjacent boundaries is a lattice RP2 sigma model with coupling J ∝ α.

The cortical sheet dimension dΣ = 2 sits at the lower critical dimension for the RP2 sigma

model: the Mermin-Wagner theorem (Mermin and Wagner, 1966) forbids true long-range

order, but at R(kc) = 1 the system reaches the analog of the Berezinskii-Kosterlitz-Thouless

(BKT) transition (Kosterlitz and Thouless, 1973), where correlations decay algebraically

rather than exponentially:

⟨ŝi · ŝj⟩ ∼ |i− j|−η(T ), η(Tc) ≪ 1. (17.8)

This quasi-long-range order is sufficient for Φ > 0: the algebraic decay ensures that every

bipartition cuts through correlated fiber modes.

The area law for Φ (detailed). The mutual information I(A : B) across a bipartition

of a dΣ-dimensional system with short-range interactions obeys an area law: I(A : B) scales

as the (dΣ − 1)-dimensional boundary of the cut, not the dΣ-dimensional volume. At a critical

point, logarithmic corrections appear, but the leading scaling remains set by the cut area.

For dΣ = 2: a bipartition of N sites has a cut of length |∂| ≥ cΣ N
1/2, where cΣ is a

geometric constant of order unity that depends on the topology of the boundary network.
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Each edge crossing the cut contributes ∼ α2 of mutual information. Therefore:

I(A : B) ∼ |∂(A,B)| × α2, (17.9)

and the minimum bipartition gives:

Φ = min
bipartitions

I(A : B) ∼ cΣ

√
N α2. (17.10)

The three factors have distinct origins:
√
N is the minimum-cut length on the cortical sheet

(set by boundary geometry); α2 is the per-synapse actualization probability (two τ -firings,

one at each side); and cΣ encodes the specific topology of the cortical connectivity graph.

Cross-Partition Mutual Information

A bipartition of the boundary network forces the two halves to be described independently.

Firings that are synchronized leave the two halves correlated, and those correlations cannot

be reconstructed from the independent descriptions: the mutual information I(A : B) is the

part of the synchronized fiber field that a bipartition discards.

For a system with algebraic fiber correlations (Eq. 17.8), every bipartition cuts through

correlated fiber modes, and I(A : B) > 0 for all non-trivial bipartitions. The minimum over

bipartitions—Φ—is bounded below by the number of correlated fiber edges crossing the cut,

which scales as |∂| × α2. A population firing as one collective actualization has no bipartition

that escapes this lower bound; Φ is the quantitative measure of how fully it fires as one.

Neural implementation: With N ≈ 1014 synapses, α2 ≈ 10−4, and cΣ ≈ 0.38, the area law

gives:

Φarea ≈ 0.38 × 107 × 10−4 ≈ 200 nats. (17.11)

The numerical value:
√

1014 × (1/137)2 × 0.38 ≈ 107 × 5.3 × 10−5 × 0.38 ≈ 200. The

geometric constant cΣ ≈ 0.38 is the normalized minimum bisection width of the cortical

connectivity graph—a structural property of the folded cortical sheet (∼ 2600 cm2 with

∼ 1014 synaptic sites).

Status of cΣ. The value cΣ ≈ 0.38 is reverse-engineered: it is chosen so that Φarea matches

the Perturbational Complexity Index (PCI) measured by Casali et al. (2013), which reports

PCI ∼ 200 for awake humans. PCI is a Lempel-Ziv complexity of TMS-EEG responses, not

a direct measurement of Tononi’s Φ (which is computationally intractable for cortical-scale
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networks). The identification Φarea ≈ PCI assumes that PCI is a faithful proxy for the

minimum-bipartition mutual information; this assumption is standard in the IIT literature

but unproven. Independent validation of cΣ via diffusion-tensor MRI tractography of the

minimum bisection width would constitute a direct test of the area-law derivation that

bypasses the PCI-Φ identification.

Scaling prediction: Φ ∝
√
N . Species with fewer cortical synapses should have propor-

tionally lower Φ. Within humans, PCI tracks state-of-consciousness reductions (Casali et al.,

2013) (used here as proxies for Φ):

• Awake humans: PCI ≈ 200 nats

• Light sleep: PCI ≈ 80 nats (∼ 40% of awake)

• Deep sleep: PCI ≈ 10 nats (∼ 5% of awake)

• General anesthesia: PCI ≈ 5 nats (∼ 2.5% of awake)

These reductions correspond to decreased effective N (fewer coherent synapses) or de-

creased α2 (weaker fiber coupling), both of which are plausible under anesthesia and sleep.

17.3 Predictions at the Critical Scale

The projection geometry yields seven specific, testable predictions about consciousness,

grouped by maturity. Group (a) consists of predictions whose quantitative content matches

existing empirical data directly. Group (b) consists of predictions framework-consistent with

established phenomena but relying on indirect surrogates.

Group (a): Direct empirical match

Predictions 1, 3, and 6 land on quantities already measured in the literature: the integration

threshold Φc via PCI/Lempel–Ziv proxies, the ∼ 60 ms synchronization window that matches

the psychophysical binding window, and the ∼ 30 Hz gamma rhythm as the neural correlate

of conscious access.
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17.3.1 Prediction 1: Threshold Regime

Hypothesis: Phenomenal experience has regime character. A system either satisfies the

two conditions for experience (R ≈ 1 and Φ > 0, Chapter 16, §16.1) and the dynamics that

constitute experience come online, or it does not. The geometric condition is Φ > 0.

Operational threshold: For empirical detection, Φc ≈ 1 nat is used as the working

threshold against which PCI and Lempel–Ziv proxies are calibrated (consistent with the

area-law inversion of §17.1.2). This is an operational choice for empirical-proxy classification,

not a theoretically forced value: the framework’s geometric threshold is Φ > 0, and any

specific numerical Φc depends on which Φ-proxy is used and how it is calibrated.

Experimental protocol:

1. Anesthetize a human subject with a known drug (e.g., propofol, sevoflurane).

2. Perform high-density EEG recording (64+ electrodes, 1 kHz sampling).

3. Compute a Φ-proxy (Perturbational Complexity Index via TMS-EEG, or Lempel-Ziv

complexity) from neural recordings. Direct computation of Tononi’s Φ is intractable

for full cortical networks; PCI serves as an empirical surrogate (Casali et al., 2013).

4. Monitor consciousness via bispectral index (BIS) or response to commands.

5. Hypothesis predicts: Φ-proxy drops sharply (within 2 minutes of drug onset) and

remains suppressed throughout unconsciousness. Recovery occurs when Φ-proxy > Φc.

17.3.2 Prediction 3: Synchronization Window

Hypothesis: The synchronization window—the interval over which τ -firings fuse into one

collective actualization—is set by collective coherence across the thalamocortical system:

τsync = τ 2
sys,eff/τbath ≈ 60 ms.

Quantitative value: τsync ≈ 50−100 ms (matching the psychophysical binding window).

Experimental protocol:

1. Present two brief visual stimuli (e.g., a red bar and a green bar) with variable time

delay.

2. Ask subjects: “Were the two stimuli part of a single conscious event?”

3. Hypothesis predicts: A sharp threshold at ∆t ≈ 60 ms. Delays ≲ 50 ms appear

simultaneous; delays ≳ 100 ms appear sequential.
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4. Verify with neural recordings: Global workspace activation should persist for ∼ 50−100

ms before resetting.

17.3.3 Prediction 6: Neural Correlate

Hypothesis: Consciousness correlates with thalamocortical gamma synchrony (∼ 30 Hz and

harmonics)—the observable signature of the synchronized τ -firing population at k ≈ 75.

Quantitative value: Peak frequency νconsciousness ≈ 30 Hz (gamma), with theta (∼ 8 Hz)

as the modulation envelope.

Experimental protocol:

1. Record scalp EEG and intracranial LFP from alert and anesthetized subjects.

2. Hypothesis predicts: Gamma power (25–40 Hz, especially ∼ 30 Hz) is high and phase-

coherent across frontal and parietal regions during wakefulness.

3. During anesthesia, gamma power collapses. During deep sleep, gamma disappears and

is replaced by delta (≲ 4 Hz) waves.

4. During REM sleep, gamma re-emerges (despite closed eyes), consistent with internally

generated actualization.

5. Cross-frequency coupling: Theta phase (∼ 8 Hz) modulates gamma amplitude (∼ 30

Hz). This is the predicted theta-gamma hierarchical architecture.

Group (b): Framework-consistent but indirect

Predictions 4, 5, 2, and 8 connect the projection geometry to established phenomena through

indirect surrogates. The anesthesia mechanism reads off existing PCI data; the dreaming and

projective-qualia predictions are framework-consistent interpretations whose direct empirical

adjudication is harder; the content-invariance prediction rests on partial evidence from the

conditioned-taste-aversion literature.

17.3.4 Prediction 4: Anesthesia Mechanism

Hypothesis: General anesthetics work by desynchronizing the τ -firings—suppressing Φ.

Different anesthetics, despite different molecular targets, converge on the same mechanism:

loss of synchronization.
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Quantitative value: Anesthetics reduce PCI from ∼ 200 nats (awake) to ≲ 5 nats (deep

anesthesia).

Experimental protocol:

1. Administer various anesthetics (propofol, isoflurane, ketamine, nitrous oxide).

2. Measure Φ-proxy (PCI or Lempel-Ziv) via EEG.

3. Hypothesis predicts: All anesthetics, despite different molecular targets, converge on

Φ < 5 nats at doses that produce unconsciousness.

4. Mechanism: Anesthetics either disrupt synaptic coupling (reduce α) or induce decoher-

ence (reduce effective N), both of which lower Φ via the area law.

17.3.5 Prediction 5: Dreaming

Hypothesis: REM sleep maintains the critical threshold by internally generating actualiza-

tion signals, bypassing external sensory input.

Quantitative value: During REM, kconscious remains stable at k ≈ 75 despite absence of

external stimuli.

Experimental protocol:

1. Record neural activity during REM sleep and waking with identical electrode arrays.

2. Compute Φ-proxy (PCI) and the distribution of activation across k values.

3. Hypothesis predicts: Φ during REM ≈ 0.8 × Φawake (slightly lower due to reduced

sensory input; pons generates compensatory signals).

4. The actualization power spectrum should shift toward internally generated frequencies

(theta and gamma), with loss of visual (high-k) input.

5. Dreams are conscious experiences because the internal generation mechanism maintains

Φ > Φc via recurrent cortical connectivity.

17.3.6 Prediction 2: Qualia Structure is Projective

Hypothesis: Qualia form a projective space RP3, not Euclidean.

Quantitative value: Color space is RP2 (not R3). This predicts color blindness patterns

and the structure of the opponent-process color code.
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Experimental protocol:

1. Test color discrimination in normal and color-blind humans.

2. The set of discriminable colors forms a quotient space (antipodal points are identified).

3. Hypothesis predicts: The Munsell color space (empirical) matches RP2 geometry better

than Euclidean R3.

4. Prediction: Deuteranopia (red-green blindness) corresponds to collapse of one RP1

subspace; tritanopia (blue-yellow blindness) corresponds to a different RP1. The

geometry of color confusion (Rayleigh matches) should obey the algebraic relations of

projective space.

17.3.7 Prediction 8: Content Invariance vs Valence Variance

Hypothesis: The per-event V4 qualia-space coordinates (p, sA, sC , sD) extracted by a sub-

boundary are determined by the sub-boundary’s architecture and the input stimulus. They

do not depend on the organism’s preference-weight parameter w. Differences in valence

response to the same stimulus across organisms (or across the same organism before and after

learning) localize to the preference-weight w, which lives in downstream evaluative circuits

and shapes the free-energy gradient ∇θFeff [ρ, θ;w] rather than the per-event extraction itself.

Formal statement. Let O1 and O2 be two organisms with identical sub-boundary

architecture B at the critical scale, differing only in their preference-weight sets w1 ̸= w2. For

a fixed input stimulus σ producing pre-projection boundary state ρ(σ):

(p, sA, sC , sD)
∣∣∣
O1,σ

= (p, sA, sC , sD)
∣∣∣
O2,σ

,

∇θFeff [ρ, θ;w1] ̸= ∇θFeff [ρ, θ;w2].

Predicted neural signature. Primary sensory cortex responses to a fixed stimulus

remain invariant across pre/post-conditioning within an individual, across genetically uniform

individuals with divergent exposure histories, and across closely related species with divergent

food preferences. Downstream evaluative regions (orbitofrontal cortex, amygdala, ventral

striatum, interoceptive insula) show conditioning- and preference-dependent variation tracking

the learned w.

Experimental protocol.
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1. Within-subject (conditioned taste aversion). Record primary gustatory cortex (insular

cortex) and OFC responses to a target taste before and after pairing the taste with

malaise. Hypothesis predicts: insular response unchanged; OFC response shifts to track

learned aversion.

2. Between-subject (uniform-population differential conditioning). Take genetically near-

identical lab strain animals; expose groups to divergent flavor-pairing regimes. Test

sensory and evaluative responses to the same stimulus. Hypothesis predicts: sensory-

cortex responses match across groups; evaluative-region responses diverge in line with

conditioning history.

3. Cross-species (homologous-architecture comparison). Pair closely related species with

divergent food preferences (e.g., generalist vs. specialist rodents on a shared compound).

Hypothesis predicts: matched primary-sensory responses; divergent evaluative responses.

Falsification. Coupled shifts in primary sensory cortex and evaluative regions with

valence learning falsify the content-invariance claim and require one of: (a) the sub-boundary

extends further than primary sensory cortex; (b) the preference weights w shape per-event V4

extraction directly; (c) the identity claim itself requires reformulation. A null result at this

dissociation would be a substantive blow to the framework’s qualia-as-V4-content identity

claim.

Status: Partial supporting evidence exists in the conditioned-taste-aversion literature

(Garcia et al., 1955; Yamamoto et al., 1994), where primary gustatory cortex shows relative

stability across learning while OFC and amygdala track learned value (Schoenbaum et al.,

2009). A focused experimental program explicitly testing the dissociation predicted here

would either strengthen the framework’s empirical footing or surface concrete revisions.
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Part VIII

Closure and Empirical Program
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Chapter 18

T.18: Self-Consistency and Closure

Ontological context: 24, 23

18.1 Bootstrap Condition

The framework is self-consistent if and only if:

Theorem 18.1.1 (Bootstrap Condition). The constants produced by the τ -actualization

process must match the constants that are inputs to the framework. In symbols:

Observed(α,G, θW , ...) = Derived(α,G, θW , ...), (18.1)

where the RHS is computed assuming the LHS as true.

The explicit numerical form (2π)27
√
α = φ98 and its derivation chain appear in Chapter 10,

§10.10.

18.2 Ontological Completeness

The framework’s derivation chain terminates at three layers of brute fact, each corresponding

to a distinct structural layer of the physical universe.

18.2.1 Layer 1: That Experience Exists

The cogito—“something is being experienced”—grounds the entire framework. It selects CP3

as the space of possibility (via the projective geometry of phenomenal space (Rudrauf et al.,
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2017)) and RP3 as the space of actuality (fixed-point set of the Z2 involution). This is the

framework’s axiom; it is not derived within the framework but rather the condition under

which derivation is possible. Without the fact that experience occurs, there is no framework,

no question, no arena to describe.

18.2.2 Layer 2: That Experience is Binary

The Z2 structure—the distinction between fact and possibility—is the minimal mathematical

structure capable of drawing a distinction. Z2 = {+1,−1} under multiplication has exactly

one non-identity element that is its own inverse. Its defining property is self-referentiality:

applying it twice returns to the start. Z2 is the minimal structure that can constitute a

boundary: “this side, not that side.” Anything less cannot distinguish inside from outside,

self from world, possibility from actuality.

Any self-consistent structure must refer to itself. Self-reference requires a distinction.

That distinction requires Z2 at minimum:

something exists ⇒ structure exists

⇒ self-consistency required

⇒ self-reference required

⇒ distinction required

⇒ Z2 required.

18.2.3 Layer 3: That it is This Experience

The particular outcome—which point on RP3, which value, which actual configuration—is

not derivable from structural constraints alone. Three convergent justifications:

1. Process openness: Actualization is genuinely creative. The CP3 → RP3 projection is

many-to-one; which pre-image is selected is not determined by prior structure.

2. Perspective dependence: “Which outcome?” presupposes a perspective from which

to ask. But perspective is itself constituted by actualization—asking the question

already requires a particular actualization to have occurred.

3. Ontological consistency: If the particular were derivable from the universal, every

actualization would be predetermined, collapsing the CP3 → RP3 projection to a
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bijection. This would eliminate the many-to-one structure that grounds quantum

indeterminacy and the Born rule.

These three layers partition what can and cannot be derived. Everything from T.1 through

T.18 is derivable from these brute facts. Nothing further lies beneath.

18.2.4 Path-Dependent vs. Path-Independent Predictions

The framework distinguishes what it can and cannot predict:

Path-independent (predicted): Structural predictions follow from geometry regardless

of which particular actualization path is taken. These include α, the gauge group, the

generation count, and the mass hierarchy. These are determined by CP3 geometry.

Path-dependent (not predicted): Specific values require information about the

particular actualization path. These include the Higgs mass MH , CKM/PMNS mixing angles,

and specific cosmological initial conditions. These depend on which particular outcomes have

actualized in the universe’s history.

The geometry determines everything derivable from topology and curvature alone, and

identifies precisely where and why it underdetermines the physics.

18.2.5 The Deeper Boundary: Why Mathematical Structure?

The framework derives physics from CP3 geometry; it does not derive why mathematical

structure exists. This terminus is shared by every physical theory. What the framework

cannot answer is why there is self-consistent structure rather than pure contradiction; the

question is prior to physics and mathematics, and the framework places it as a boundary

condition.

18.2.6 Summary of Derivation Chain

From the single geometric arena CP3 with involution τ , the preceding chapters derive: the

Standard Model gauge group and three generations (T.5–T.6), the fine-structure constant

to 0.16% (T.13), Newton’s constant and the cosmological constant to within 2% and 10%

respectively (T.14), and the resolvability window at k ∈ (53.8, 75.75) (T.16). Open calculations

remain (see Appendix B): the instanton prefactor for Route III of α, the FFS spectral

coefficients for G, and the light quark mass forward calculation. These are computational
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completions of established mechanisms, not gaps in the derivation logic. Chapter 19 identifies

the experiments that will determine whether this geometric program succeeds or fails.

18.3 Topological Protection and V4 Error Correction

The Standard Model’s robustness against quantum corrections can be understood through

the lens of topological error correction.

The Klein four-group V4 = Z2 × Z2 acts on the fact-type code. The four fact types

(A,B,C,D) form the code space. Small perturbations (radiative corrections, coupling

renormalization, symmetry-breaking effects) act within the normal bundle of CP3, not on the

real slice RP3.

Error syndrome: The number of fermion generations is the error syndrome. Errors in

the quantum corrections that would require additional generations are detected (“measured”)

by the fact that they predict n > 3. The topological constraint gives n = 3 exactly; additional

generations would indicate a breakdown in topological protection.

Robustness: The Standard Model is robust because its core structure (CP3 → RP3

projection) is topologically protected. Small quantum corrections cannot change this without

violating the genus and Euler characteristic constraints on real slice geometry.

Note: This remains speculative pending rigorous connection to stabilizer groups and

logical operators in the PPM context. The structural parallel warrants investigation.

18.4 Two Distinct Claims

The framework makes two logically separate claims about physical constants that should be

kept distinct.

Geometric determination. The dimensionless constants (α, G/(ℏc ·m−2
π ), mt/mπ, the

generation count, the gauge group) are determined by CP3 geometry: they arise as eigenvalues

of the Fubini-Study Laplacian, holonomies of the Kähler connection, and curvature invariants

of the Fubini-Study metric. This is the content of Chapters 10–13.

Self-consistency. The constants derived from different geometric routes must agree with

each other and with the constants assumed as inputs. Eq. 18.1 is a fixed-point condition: the

framework’s outputs must reproduce its inputs. The bootstrap relation (2π)27
√
α = φ98 is the

sharpest numerical test of this condition (§10.10). Self-consistency is a necessary condition

for the framework to be viable; it does not itself generate the constants.
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18.5 Self-Grounding

The framework exhibits self-grounding:

Conjecture 18.5.1 (Self-Grounding Equivalence). The following are equivalent:

1. CP3 exists (the kinematic arena of physics)

2. Observers exist who can measure the framework’s predictions (consciousness)

3. The framework is self-consistent (bootstrap condition holds)

Each direction is argued in §18.2 (cogito → CP3), §16.1 (consciousness → integration

window), and §18.1 (consistency → bootstrap fixed point).

The three conditions are mutually implicative: if any one holds, all three hold (and if any

fails, all fail).

Figure 18.1: The self-grounding loop of the framework. Biological timescales and
brain temperature set the resolvability window (k ∈ (53.8, 75.75)); N∞ determines
G and Λ; cosmological evolution forges the elements supporting observers; those
observers’ phenomenology constrains the arena. The loop closes self-consistently.
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18.6 Anticipated Objections and Responses

Six critical objections require explicit engagement.

“The phenomenological constraint is circular.”

Taking RP3as the structure of phenomenal experience and deriving CP3from it appears

circular: the framework assumes the conclusion.

Response: The phenomenological constraint functions as a boundary condition. Michelson-

Morley (Michelson and Morley, 1887) took the speed of light as invariant (a phenomenological

input) and derived its constancy through inertial frames. Similarly, PPM takes the observed

structure of phenomenal space (threefold with projective topology) as empirical input and

derives the necessity of CP3as the minimal complexification. The phenomenological constraint

is the boundary condition that uniquely determines the mathematics.

“The ∼ 4× normalization gap at Pati-Salam undermines unification.”

The ratio of Fubini-Study normalization to MS coupling at the Pati-Salam unification scale

is approximately 1/4. This suggests a fundamental problem with unification.

Response: This gap is acknowledged openly and is not a falsification. It arises from

the difference between Fubini-Study normalization (intrinsic to CP3Kähler geometry) and

minimal subtraction normalization (a calculational convention). Detailed calculation of the

Kähler-holomorphic transformation connecting the two normalizations should resolve the gap

exactly.

“Light quark masses are fit, not predicted.”

The masses of the up, down, and strange quarks are currently input to the framework, not

derived.

Response: Acknowledged. The Kähler suppression mechanism that determines quark

mass structure is established, but forward calculation from first principles in the instanton

moduli space remains open. The mechanism is not conjectural; the computational completion

is outstanding.
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“TBM is excluded by θ13 ̸= 0.”’

Tribimaximal Mixing predicts θ13 = 0 exactly, but experiment shows θ13 ≈ 8.5◦ (Esteban

et al., 2020).

Response: TBM is the zeroth-order structure from tetrahedral symmetry at k ≈ 62.

Subleading corrections produce shifts from the TBM prediction. The resulting θ13 is small but

nonzero at the sub-percent correction level, consistent with the observed value θ13 ≈ 0.145

rad.

“Consciousness claims are unfalsifiable.”

The framework links consciousness to dynamic-persistence regime and integrated information

qualitatively; no quantitative predictions allow test.

Response: Specific quantitative predictions appear in §17.3 (framework-derived critical-

scale predictions) and §19.3 (unified prediction table covering the critical-scale section of the

master prediction set). These can succeed or fail; if any fail significantly, the framework is

falsified.

“Why should CP3be fundamental?”

What justifies taking CP3rather than some other complex projective space?

Response: CP3is the minimal complex projective space supporting both Hopf and

twistor fibrations simultaneously with RP3as the fixed-point set of a Z2 involution. This is a

uniqueness statement. Each of the framework’s physical requirements (3D actualization, the

Standard Model gauge group, consciousness measurement at kconscious) independently picks

out CP3by minimality.
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Chapter 19

T.19: Predictions and Falsification

Ontological context: 25

19.1 Complete Prediction Registry

The table below mirrors the live output of ppm.predictions.build_table(). IDs (PRED.N,

DER.N) are stable across the codebase, the prediction figure (Fig. 19.1), and the chapter

references that follow. PRED entries are the headline predictions; DER entries are derived

quantities and geometric identities that verify the framework’s internal consistency. Grouping

by domain is editorial only — the IDs are the canonical handles.

ID Quantity Value (and observed, where applica-

ble)

Type

Geometric foundations

PRED.1 g = 2π (hierarchy scaling) topological + Maslov; obs ge ≈ 6.32,

err −0.58%

empirical

PRED.3 θstrong = 0 exact (T -invariance of τ forbids the

T -odd θ-term)

derived

PRED.8 Ngenerations = 3 χ(CP3)/|Z2| = 2 bulk + 1 wall; obs

3

empirical

DER.1 Sinstanton = 30π degree-3 Veronese: (N−1)r2π derived

DER.2 Nzero modes = 30 2(N2−1) = dimR PGL(4,C) derived

DER.3 e−30π ≈ φ−196 instanton action 30π vs φ-bridge

196 lnφ; mismatch 0.07%

identity

(continued on next page)
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ID Quantity Value (and observed, where applica-

ble)

Type

DER.4 P 2
3 · lnφ ≈ P4 · π pyramidal identity (LHS vs RHS);

mismatch 0.07%

identity

DER.5 ζ∆(0) = −733/945 CP3 scalar Laplacian (closed form) derived

DER.6 logZT 2 per scalar = 0.5274 Dedekind η at τ = i 10/π2 (closed

form)

derived

DER.15 (2π)27√
α ≈ φ98 self-consistency: LHS uses obs. α,

RHS is φ98; mismatch 0.17%

identity

DER.16 Bridge τ -exponent sum = 2χ(CP3) orbit sum 2(0 + 1 + 3) = 8 meets

2χ(CP3) = 8

identity

DER.17 N∞ = φ392 (boundary capacity) log10N∞ ≈ 81.92; static topological

invariant

derived

Particle physics

PRED.2 δCP = π(1−1/φ) rad (quark CKM) 1.200 rad; obs 1.137 ± 0.022 rad

(PDG CKM), err +5.5%

empirical

PRED.4 v (Higgs VEV) 246.2 GeV (identifies with E(kEWSB)

by construction)

derived

PRED.5 mt (top quark) 172.7 GeV; obs 172.7, err < 0.1% empirical

PRED.6 1/α (Route I, spectral) 137.257; obs 137.036, err 0.16% empirical

PRED.7 sin2 θW at Ebreak 3/8 = 0.375; SM running gives

0.3755 (derived comparator), err

−0.13%

identity

PRED.9 mH (Higgs) 130.8 GeV; obs 125.25, err 4.4 empirical

PRED.10 mW (W boson) 80.20 GeV; obs 80.377, err −0.22%

(SM relation)

empirical

PRED.11 1/αw (weak) 29.61; obs 29.59, err +0.07% empirical

PRED.12 sin2 θ23 0.500 (TBM); obs 0.546, err −8.4% empirical

PRED.13 mµ/me 208.6; obs 206.8, err +0.9% empirical

PRED.14 mτ/mµ 15.75; obs 16.82, err −6.3% empirical

PRED.22 MR (seesaw, Pati-Salam) E(k=16.25) ≈ 1013 GeV (no direct

comparator)

derived

PRED.24 sin2 θ12 (PMNS) 1/3 (TBM); obs 0.304 ± 0.012, err

+9.6%

empirical

(continued on next page)
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ID Quantity Value (and observed, where applica-

ble)

Type

PRED.26 Vus (Cabibbo) sin θC = 0.2217; obs 0.2243, err

−1.1%

empirical

PRED.27 Jarlskog J (CKM) J ≈ 3.19×10−5; obs 3.08×10−5, err

+3.5%

empirical

DER.9 1/α (Route II, cogito) 137.6 from Gobs +Λobs (loop closure) identity

DER.9b 1/α(0) (Route IV, gauge composition) 136.978 from α = αY α2/(αY +α2)

on PPM’s Pati-Salam sin2 θW =3/8,

run from MZ via standard QED ∆α;

err −0.042%

empirical

DER.10 λPPM = 1/(4
√
π) 0.1410; RP3 normal-bundle curva-

ture (closed form)

derived

DER.11 yt = π/(2(2π)1/4) 0.9921; convention yt =
√

2mt/v,

err +0.02%

empirical

Cosmology and gravity

PRED.15 GN (Newton’s constant) 6.674 × 10−11; obs 6.674 × 10−11, err

1.7% (neutral π0, 135.0 MeV)

empirical

PRED.16 Λ (cosmological constant) 1.117 × 10−52; obs 1.1 × 10−52, err

1.5%

empirical

PRED.17 H0 (Hubble constant) 70.9 km/s/Mpc; obs 69.8 (TRGB

late-universe), err +1.5%

empirical

PRED.18 Sterile ν mass window 5.7–14.3 keV at k = 61–62 (range,

no scalar comparator)

derived

PRED.19 ΩDM 0.24; obs 0.265, err −9.4% empirical

PRED.20 weff range w = −1 + (2/3) Ωδ/ΩDE; range

[−0.99,−0.93]

derived

PRED.21 τproton ∼ 1040 yr (lower bound, above Super-

K reach)

derived

PRED.23 GW dispersion ∆v/c αGW = 0.995; LIGO scale ∼ 10−82

(no measurement)

derived

Critical scale

DER.7 kconscious(310 K) kc = 75.35 from E(k) = kBT (no

observable counterpart)

derived

(continued on next page)
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ID Quantity Value (and observed, where applica-

ble)

Type

DER.8 tintegrate τ2
sys/τbath = 60.7 ms derived

DER.12 ∆S per event 5.51 nats = 3 ln(2π) (closed form) derived

DER.13 Φ (awake brain) cΣ

√
N α2 ≈ 202 nats (formula) derived

DER.14 Φ scaling exponent Φ ∝ N1/2 from 2D area law derived

Reading the Type column. Each row carries one of three tags: empirical marks rows

where PPM’s geometric value is compared against a measured quantity — the ∆ from

observed is informative as a gap between framework and nature. identity marks rows where

two independently-defined theoretical quantities are claimed to coincide (LHS vs RHS); the

mismatch is the strength of the structural claim, not a measurement gap. derived marks

closed-form values, ranges, and bounds that have no observable counterpart or no independent

meeting point; the row presents the derived value rather than a comparison. These three

should be reported separately — mixing them silently inflates apparent verification with

package-vs-formula self-checks.

Counts. Of the 43 registry entries, 19 are empirical (PPM compared to measurement),

6 are identity (structural coincidence claims), and 18 are derived (closed-form values

with no observable comparator). PRED.25 (sin2 θ13 TBM zeroth order) is omitted here; the

EXCLUDED θ13 case is treated in Chapter 12 where the > 5σ status is given appropriate

framing alongside the other PMNS angles.
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Figure 19.1: Empirical predictions vs observation, generated live from
ppm.predictions.build_table() filtered to comparison_type=’empirical’.
Each bar shows (PPM/observed − 1) × 100% for the rows where PPM’s geometric
value is compared against a measured quantity (observed values from Particle Data
Group, 2024 and Planck Collaboration, 2020). Identity rows (LHS vs RHS structural
claims) and derived rows (closed-form values without observable counterparts) are
excluded — they would appear as synthetic 0% matches and inflate the apparent
verification rate. Tier coloring: green < 2%, cyan 2–10%, orange 10–25%. Inputs:
CP3 geometry plus the pion-mass anchor; light quark masses are retrodicted
(Chapter 11, §Light Quarks).

19.2 Standard Model Parameter Scorecard

The Standard Model’s free-parameter count is 26 in the νSM Dirac convention: 9 charged-

fermion masses, 4 CKM parameters, 3 gauge couplings, 1 strong-CP angle, 2 Higgs parameters,

3 neutrino masses, and 4 PMNS parameters. The table below pairs each parameter against

PPM’s account of it, with one of four status tags:

• derived — value follows from the bundle geometry plus the single energy-scale reference

(mπ, the empirical anchor for the geometric scale ε0). No fitting parameter enters; the

residual against observation is the framework’s error.
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• retrodicted — PPM has a structural slot for the parameter, but the slot is filled

by fitting an internal coordinate (typically a Kähler-radial |z| position or an instanton-

moduli input) from observation. Reproduction is automatic; explanatory weight rests

on whatever first-principles derivation is outstanding.

• postulate — value follows from a framework axiom with no calculation required (e.g.

θQCD = 0 from τ being anti-holomorphic forbidding the T -odd θ-term).

• outstanding — a derivation path exists but the calculation has not been completed.

These are tracked in Appendix B.

Empirical values are PDG (Particle Data Group, 2024) unless otherwise noted. The ref

column points to the chapter or section where each PPM value is derived.
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Table 19.2: Standard Model parameters — empirical values vs PPM account. Sums
by status: deriv. 14, retro. 5, post. 1, open 6. PPM reduces the SM’s 26 parameters to
the single dimensionful input mπ plus the geometric content of CP3 + τ ; open rows
mark where the framework has a path but the calculation has not been completed.

Symbol Description Emp. PPM Status Mechanism (ref)

Charged-lepton masses

me electron 0.511 MeV 0.525 MeV (2.8%) deriv. Z2 quant. n=25 + BS corr. (§11.9)

mµ muon 105.7 MeV 101.9 MeV (3.5%) deriv. Z2 quant. n=14 + BS corr. (§11.9)

mτ tau 1.777 GeV 1.788 GeV (0.7%) deriv. Z2 quant. n=7 + BS corr. (§11.8)

Quark masses

mu up 1.9 MeV ∼1.9 MeV retro. |z| fitted; instanton-moduli derivation
pending (§11.10)

md down 4.4 MeV ∼5 MeV retro. as above (§11.10)

ms strange 87 MeV ∼95 MeV retro. as above (§11.10)

mc charm 1.27 GeV 1.30 GeV (2.1%) deriv. hierarchy k=47.5 + QCD dressing
(§11.7)

mb bottom 4.18 GeV 5.17 GeV (24%) deriv. hierarchy k=46 + Kähler suppression
(§11.7)

mt top 172.7 GeV 172.1 GeV (<0.1%) deriv. yt = π/[2(2π)1/4]; mt = π E(44.5)
(§11.4)

CKM mixing

θ12 Cabibbo (1–2) 13.0◦ 13.0◦ deriv. λ =
√

α g; fiber-mode overlap (§12.1)

θ23 2–3 angle 2.4◦ 2.3◦ deriv. nearest-neighbour Kähler-radial overlap
(§12.1)

θ13 1–3 angle 0.2◦ ∼0.2◦ deriv. generation-skip suppression (§12.1)

δCP quark CKM CP phase 1.137 ± 0.022 rad π(1−1/φ) rad (5.5%) deriv. Berry phase on Spin(RP3); icosahedral
A5 φ-factor from τ on flag mfd. (§12.2)

Gauge couplings + θQCD

g1 U(1) hypercharge 0.357 0.357 (RGE) deriv. αGUT=1/6 from FS r2=10; SM RGE
(Ch. 10)

g2 SU(2) weak 0.652 0.652 (RGE) deriv. GUT + RGE; sin2 θW =3/8 at Ebreak

(Ch. 10)

g3 SU(3) strong 1.221 GUT only open first-principles αs pending R2 (FS→ MS)
(Ch. 10)

θQCD strong-CP angle <10−10 0 exactly post. τ anti-holom.; T -odd θ forbidden by τ -
inv. (§12.4)

Higgs sector

v Higgs VEV 246.2 GeV 246.2 GeV deriv. v = 2
√

2 mπ(2π)7/2; ≡ E(44.5) (§11.5)

mH Higgs mass 125.25 GeV 130.8 GeV (4.5%) deriv. λ = 1/(4
√

π) from Kähler form; mH =

v
√

2λ (§11.5)

Neutrino masses

∆m2
21 solar 7.5×10−5 eV2 6.0×10−5 eV2 (20%) retro. seesaw + sterile k-levels; absolute scale

fitted (§11.11)

∆m2
31 atmospheric 2.50×10−3 eV2 2.50×10−3 eV2 retro. seesaw + sterile k-levels (§11.11)

mν,light abs. scale <0.8 eV (KATRIN) not yet computed open seesaw needs MR at 16.25 from first prin-
ciples (§11.11)

PMNS mixing

sin2 θPMNS
12 solar 0.304 ± 0.012 1/3 (TBM) open A4 tetrahedral; R3 corrections pending

(§12.3)

sin2 θPMNS
23 atmospheric 0.546 1/2 (TBM) open as above; −8.4% at zeroth order (§12.3)

sin2 θPMNS
13 reactor 0.0220 0 (TBM, EXCLUDED > 5σ) open τ -corrections to TBM required (§12.3)

δPMNS
CP

CP phase −1.6 ± 0.4 rad not yet derived open PMNS Berry conn. pending R3 (§12.3)

Reading the scorecard. Twenty-six rows; one input (mπ). The framework’s claim is that

the spectrum is generated by the geometric content of CP3 + τ rather than supplied by
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fitting; the 24% residual on mb and the 4.5% gap on mH are honestly above the chapter’s

“1–5%” average, and the table reports those gaps openly. The four retrodicted rows (light

quark masses and ∆m2
21) are expository slack: each has a known computational path (light

quark |z| from instanton moduli; solar ∆m2 from a first-principles right-handed mass MR)

that has not yet been completed. The outstanding rows (one gauge coupling, the neutrino

absolute scale, all of PMNS) are the cases where the framework identifies the geometric

mechanism but the closed-form computation remains open; Appendix B catalogs them with

the load-bearing structural reasoning each rests on. When the open calculations close, the

retrodicted and outstanding rows collapse into derived; the framework’s parameter

count remains one.

Comparison with the master registry. Some rows here overlap with PRED.N entries in

the master registry of §19.1: this scorecard is the SM-parameter focused view, the master

registry is the comprehensive view that also includes cosmological constants (G, Λ, H0), the

fine-structure constant α (which the SM treats as derived from g1, g2 but PPM derives four

independent ways: three direct geometric routes and one composition-style route applying

the standard SM relation to PPM’s Pati-Salam sin2 θW = 3/8; see Ch. 13), and structural

identities like g = 2π that have no SM analogue.

Figure 19.2: Four fundamental constants vs. published life-permitting windows
(Barrow and Tipler, 1986; Carr and Rees, 1979; Degrassi et al., 2012; Tegmark
et al., 2006). Gold diamonds are PPM values with residuals: α (0.16%, Ch. 13), yt

(0.01%, Ch. 11), G (1.7%, Ch. 14), Λ (1.5%, Ch. 15). All four land inside their
life-permitting windows; the spectrum is fixed by CP3 + τ geometry with one input
(mπ).
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19.3 Falsification Timelines

The registry in §19.1 states what is predicted; this section states when and how each prediction

can be falsified. The table below maps each registry ID to the relevant experiment, the

timeline on which data are expected, and the criterion that would rule the prediction out.

The critical-scale rows mirror the predictions of §17.3; entries below the registry table cover

predictions not carried by PRED/DER IDs (decoherence rate, Ġ limit, BH area quantization).

ID Prediction Experiment / Obser-

vation

Timeline Falsifies if

Particle physics

PRED.3 θstrong = 0 neutron-EDM

(nEDM, n2EDM)

(Particle Data

Group, 2024)

1–3 yr |θstrong| > 10−8 mea-

sured

PRED.5 mt via yt identity ATLAS/CMS top-

mass program

ongoing mt shifts outside

framework tolerance

PRED.9 mH (Higgs) ATLAS/CMS, fu-

ture e+e− Higgs

factory

ongoing mH outside revised

tolerance after radia-

tive corrections

PRED.12, .24, .25 TBM zeroth-order

PMNS angles

T2K, NOνA, JUNO,

DUNE

2025–2030 θij deviations exceed

predicted subleading

shifts

PRED.21 τp ∼ 1034–1035 yr Super-K, Hyper-K,

DUNE (Abe et al.,

2020)

5–10 yr τp found below 1034 yr

PRED.22 MR ∼ 1013 GeV

(Pati-Salam)

indirect via 0νββ,

leptogenesis

5–10 yr inconsistent 0νββ

rates

PRED.27 Jarlskog J (CKM) LHCb, Belle II ongoing J outside Berry-phase

tolerance

Cosmology and gravity

PRED.15 GN from

CP3/RP3

lab determinations

of G

ongoing systematic shift in G

outside 2%

PRED.16 Λ from N∞ Planck, DESI, Eu-

clid

2024–2030 Λ shifted outside 2%

band

(continued on next page)
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ID Prediction Experiment / Obser-

vation

Timeline Falsifies if

PRED.17 H0 = 70.9

km/s/Mpc

Cepheid, TRGB,

CMB, BAO

ongoing precision converges

outside the predicted

band

PRED.18 sterile ν mass ∼ 7

keV

Athena, AXIS X-ray

searches

2030+ no decay line in 5.7–

14.3 keV window

PRED.19 ΩDM ≈ 0.24 Planck, weak lensing ongoing no consistent k ∼ 61–

62 assignment

PRED.20 weff ∈
[−0.99,−0.93]

DESI, Euclid (DESI

Collaboration, 2024)

2024–2026 confirmed w < −1

(phantom)

PRED.23 GW dispersion

∆v/c

LIGO O4/O5, ET,

CE (LIGO Scientific

Collaboration et al.,

2017)

2025–2035 dispersion at > 10−15

inconsistent with pre-

diction

Geff(z) excess G0(1 + z)3/2 in

nonlinear regime

JWST high-z galax-

ies, halo MF

2024–2028 high-z data fit stan-

dard ΛCDM without

G(z)

Ġ/G Gmicro constant lunar laser ranging

(Williams et al.,

2004)

2027–2030 |Ġ/G| > 10−13 yr−1

Decoherence rate Γ = Gm2/(ℏ∆x) optomechanical in-

terferometry

2026–2030 macroscopic (m ∼
1010 kg) coherence

persists ∼ s

BH area quantization discrete entropy

spectrum

3rd-gen GW (ET,

CE, LISA)

2035+ continuous spectrum

measured

Consciousness (cf. §17.3)

P1 integration thresh-

old Φc ≈ 1 nat

PCI, Lempel–Ziv

across anesthesia

(Casali et al., 2013)

ongoing PCI tracks temper-

ature/arousal more

tightly than Φ

P2 qualia structure

projective (RP2

color)

Munsell space, color-

blindness geometry

ongoing color confusions Eu-

clidean rather than

projective

P3 synchronization

window ∼ 60 ms

psychophysical

simultaneity tasks

ongoing sharp threshold at a

different timescale

(continued on next page)
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ID Prediction Experiment / Obser-

vation

Timeline Falsifies if

P4 anesthetic mecha-

nism = Φ suppres-

sion

cross-anesthetic

PCI under propofol,

isoflurane, ketamine,

N2O

ongoing one anesthetic

produces unconscious-

ness with Φ > 5

nats

P5 REM dreaming

maintains Φ > Φc

PCI during REM vs.

wake

ongoing REM PCI collapses to

anesthesia level

P6 neural corre-

late ν ≈ 30

Hz (gamma)

modulated by

theta

EEG/iEEG awake,

anesthesia, deep

sleep, REM

ongoing gamma absent during

conscious access
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Figure 19.3: The framework’s predictions arranged by time to a decisive mea-
surement. Each entry from the table above is placed at the horizon on which an
experiment can confirm or rule it out, from near-term (neutrino mixing, δCP, Geff(z)
in JWST data) through mid-term (sterile-neutrino X-ray lines, GW dispersion) to
long-horizon tests (proton decay, black-hole area quantization). The predictions span
particle physics, cosmology, gravitation, and neuroscience — independent domains
with independent failure modes. No single experiment is decisive; the framework is
exposed across all of them at once, and the near-term entries alone can confirm or
break it within the decade.

19.4 Outstanding Calculations

The following technical computations remain incomplete:

1. Radiative corrections to mass predictions. Would improve Higgs mass accuracy

from 4.6% to ≲ 2%. Requires detailed calculation of τ -even/odd radiative splittings in

the sigma model.

2. Light quark masses from instanton moduli space. Kähler suppression mechanism

established, but forward calculation of |z| positions in instanton moduli space requires

detailed fiber-bundle geometry.
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3. CKM mixing angles from Berry phase geometry. Only δCP currently derived.

Full θ12, θ23, θ13 require twistor-space analysis of quark flavor boundary.

4. Decoherence calculation for the critical scale. Currently order-of-magnitude.

Requires master equation analysis of normal bundle fiber coherence under environmental

coupling.

5. Black hole evaporation rate from instanton tunneling. Requires analysis of

imaginary fiber content in black hole event horizons and instanton path integrals.

6. JWST structure formation predictions. Framework currently qualitative (Geff(z) ∝
(1 + z)3/2). Requires full numerical integration of structure formation with Geff .

7. CMB consistency: Boltzmann code with dual-coupling regime. Requires

implementation of Gmicro in background cosmology and Geff(z) in perturbation growth.

8. Topological error correction and stabilizer groups. Establish rigorous connection

between V4 bridge structure and quantum error-correction codes.

19.5 Hierarchical Falsification Criteria

Not all experimental disagreements with predictions are equally devastating. The framework

distinguishes:

19.5.1 Decisive Falsifications (Framework Ruled Out)

Evidence that would decisively falsify PPM:

1. A fourth generation of fermions (topology of CP3 predicts χ = 4, ruling out additional

generations)

2. Observation of θstrong > 10−8 (violates exact solution to strong CP problem)

3. Discovery of physics that cannot be accommodated within CP3 → RP3 structure (e.g.,

extra macroscopic spatial dimensions)

4. Violation of the self-consistency condition (2π)27
√
α = φ98 to > 5σ

5. Conscious behavior in systems with Φ < 5 nats and R(k) ≫ 1
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19.5.2 Strong Evidence Against (Requires Serious Revision)

Observations that would challenge the framework significantly:

1. Neutrino mass hierarchy opposite to predicted (inverted vs. normal)

2. Early galaxy observations fully consistent with ΛCDM without Geff evolution (2–3σ

tension with PPM)

3. Continuous emergence of consciousness with temperature rather than sharp phase

transition

19.5.3 What Would Not Falsify PPM

Experimental results that would be absorbed without framework revision:

1. Small deviations in subleading constants (< 10% error)

2. Higgs mass at 126 GeV rather than 130.8GeV (calculational improvement, not falsifica-

tion)

3. Additional precision in dark matter detection (refines k-level assignment)

4. Consciousness onset in humans at 10 weeks rather than 12 weeks (minor adjustment of

integration threshold)

5. Φ scaling exponent 0.4–0.6 rather than exactly 0.5 (corresponds to different network

geometry)
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Appendix A

Technical Derivations and Formal

Dynamics

This appendix contains the complete mathematical derivations referenced throughout the

text: Einstein equations from heat kernel, Wald entropy, Newton’s constant from topology,

cosmological constant from actualization, gauge symmetry breaking, particle masses from

spectral quantization, graviton scattering, black hole interiors, and Lindblad (Lindblad, 1976)

formalization with active inference (Friston, 2010).

A.1 A.1 Einstein Equations from Heat Kernel Expan-

sion

Setup: Actualization Partition Function

The N independent actualization fields {ψi}, i = 1, . . . , N , each evolve on CP3 and couple to

the spacetime metric gµν through their kinetic term. The partition function factorizes:

Z[g] =
∫ ∏

i

Dψi exp
(
i

ℏ

∑

i

S1[ψi, g]
)

=
(
Z1[g]

)N
, (A.1)

where Z1[g] =
∫ Dψ exp(iS1[ψ, g]/ℏ) is the single-actualization partition function and S1[ψ, g]

is the CP3 sigma-model action on the curved background gµν . The effective action for geometry

is therefore

Γeff [g] = −iℏ lnZ[g] = N × Γ1[g]. (A.2)
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Seeley-DeWitt Heat Kernel Expansion

The single-actualization effective action Γ1[g] admits a Seeley-DeWitt heat kernel expansion.

For the CP3 sigma model (6 real target-space dimensions) on a 4D spacetime background:

Γ1[g] =
1

(4π)2

∞∑

n=0

ãn(∆CP3) µ4−2n, (A.3)

where µ is the CP3 mass scale (∼ mπ) and ãn are the integrated heat kernel coefficients,

which are spectral invariants of the Laplacian ∆CP3 coupled to gµν . The first three are:

ã0 = Ca0

∫
d4x

√
g, (A.4)

ã1 = Ca1

∫
d4x

√
g R, (A.5)

ã2 = Ca2

∫
d4x

√
g
(

5
6
R2 −RµνR

µν
)

+ . . . , (A.6)

with Ca0 = 1/48, Ca1 = 1/12, Ca2 = 1/6, Ca3 = 212/945 (computed from the CP3 spectral

geometry).

Emergence of the Einstein-Hilbert Action

The N -actualization effective action is

Γeff [g] = N
[
c0Λ1

∫ √
g d4x + c1

∫ √
g R d4x + c2

∫ √
g (R2 terms) d4x + · · ·

]
, (A.7)

where cj = Caj µ
4−2j/(4π)2 are the dimensionful spectral coefficients. Comparing with the

Einstein-Hilbert action SEH = −(c4/16πG)
∫ √

g R d4x+ (Λc4/8πG)
∫ √

g d4x:

Gmicro =
c4

16π N |c1|
, Λmicro =

c0Λ1

c1

. (A.8)

Einstein Equations as Saddle-Point Condition

The saddle-point condition δΓeff/δg
µν = 0 gives, after dividing by N (which cancels identi-

cally):

Gµν + Λmicro gµν =
8πGmicro

c4
Tµν . (A.9)

These are Einstein’s equations with cosmological constant. They emerge from the a1

255



heat kernel coefficient of the CP3 sigma model—no gravitational action is assumed. The a0

coefficient produces Λmicro; the a2 coefficient produces higher-curvature corrections suppressed

by 1/M2
Pl.

Physical Justifications

Why the Einstein-Hilbert form? The a1 coefficient of any elliptic operator on a 4-manifold

is proportional to
∫ √

g R. This is a theorem of spectral geometry, not a choice. Any

actualization dynamics producing a well-defined effective action on a 4D background will

generate Einstein gravity at leading order.

Why Gmicro is constant. In the thermodynamic limit (N → ∞), the productN×c1 → const

via the self-consistency condition that Gmicro equals the observed value GN = 6.674 ×
10−11 m3 kg−1 s−2 (Particle Data Group, 2024). The numerical value of GN encodes the non-

perturbative content of the CP3 theory (instanton sector); the form of Einstein’s equations is

guaranteed by the heat kernel structure alone.

Why geodesic motion? The contracted Bianchi identity ∇µG
µν = 0 implies ∇µT

µν = 0:

energy-momentum conservation. For point particles, this gives geodesic motion. No additional

postulate is required.

Why the equivalence principle? Gravitational and inertial mass are identical because both

originate in the same actualization coupling (m in the Penrose-Diósi rate Γ = Gm2/(ℏ r); see

Eq. 2.13).

Higher-curvature corrections. The a4 coefficient gives R2-type corrections to Einstein

gravity. At LIGO frequencies the dispersion correction is of order (ℓPk)2 ∼ 10−82; see §A.11

for the explicit derivation and the computed coefficient αGW ≈ 1.

A.2 A.2 Bekenstein-Hawking Entropy via Wald For-

malism

Wald Entropy Formula

For any diffeomorphism-invariant Lagrangian L(g,Rµνρσ) evaluated on a Killing horizon Σ,

the Wald entropy is:

SWald = −2π
∫

Σ

∂L
∂Rµνρσ

ϵµν ϵρσ dA, (A.10)

where ϵµν are the binormal vectors to the horizon and dA is the area element.
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Application to PPM Effective Action

The actualization effective action (Eq. A.7) has the form Γeff = Nc1

∫√
g R d4x + . . . with

Gmicro = c4/(16πNc1). For the leading term L = Nc1 R = Nc1 g
µ[ρgσ]νRµνρσ:

∂L
∂Rµνρσ

= Nc1 g
µ[ρgσ]ν , SWald = −2π Nc1 (−2)A = 4π Nc1 A. (A.11)

Substituting Nc1 = c4/(16πGmicro):

SPPM =
kBc

3A

4Gmicro ℏ
. (A.12)

This is the Bekenstein-Hawking formula exactly, with no prefactor discrepancy.

Resolution of Boltzmann Counting

A naive Boltzmann counting assigns ln(g2) = ln(4π2) ≈ 3.68 nats of entropy per horizon cell,

overshooting by a factor of 3.7. The Wald entropy resolves this: it is the thermodynamic

entropy derived from the first law of black hole mechanics applied to Γeff , and automatically

accounts for correlations between horizon cells imposed by the CP3 Kahler geometry. The

ln(4π2) factor measures the local microstate count per cell; the inter-cell correlations reduce

the effective entropy per cell to exactly 1 nat. Equivalently: of the 4π2 ≈ 39.5 microstates

per horizon actualization, only e ≈ 2.72 are independent after the geometric constraints are

accounted for.

Hawking Temperature

The Hawking temperature is derived from surface gravity. Near the horizon, proper time

dilation gives infinite redshift. Surface gravity: κ = c4/(4GM). Temperature from quantum

excitation:

TH =
ℏκ

2πkB

=
ℏc3

8πGMkB

. (A.13)

This is exact match to Hawking. Physical interpretation: the temperature measures the

rate at which the vacuum actualizes particle pairs at the horizon. The interior is a frozen

geometric region with no inside-source radiation; the boundary actualization is what an

external observer reads as thermal flux.
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Unruh: The Same Mechanism Without Gravity

The Hawking derivation generalizes. An observer with proper acceleration a in Minkowski

space has a Rindler horizon; the actualization record behind it is hidden from the observer’s

accessible cone the same way the black hole interior is hidden from an external observer.

Same boundary-screening mechanism, same thermal periodicity, same temperature formula

with a in place of κ (Unruh, 1976):

TUnruh =
ℏa

2πkBc
. (A.14)

The construction extends to de Sitter horizons via Gibbons-Hawking (Gibbons and

Hawking, 1977), where the Hubble parameter H plays the role of κ:

TdS =
ℏH

2πkBc
. (A.15)

All three temperatures share the same prefactor and the same |V4| Klein-four Wald-

entropy coefficient because the framework’s boundary-screening mechanism is what produces

the thermal spectrum at any causal horizon, gravitational or not. Hawking, Unruh, and

Gibbons-Hawking are three instances of one construction: a causal horizon screens part of

the τ -event record from a particular observer, and the screened sector registers as a thermal

bath at T = ℏκhorizon/(2πkBc).

A.3 A.3 Newton’s Constant: Full Derivation

Physical Principle: Information Loss as Gravitational Coupling

Each actualization event represents information loss from possibility space (CP3) to actuality

space (RP3). This information doesn’t disappear but becomes encoded as spacetime curvature.

Central insight: Newton’s constant G = 16π4 ℏc α
m2

π

√
N∞

measures the conversion rate from

quantum information to geometric curvature.

From the hierarchy structure, each level loses phase-space factor g2 = 4π2 when actualizing.

This information loss manifests as gravitational coupling. The gravitational entropy loop

factor gG satisfies the same relation, g2
G = 4π2, giving gG = 2π = g exactly. The same Z2 ×Z2

topology that sets the hierarchy scaling factor g also governs the phase-space reduction at

each actualization boundary.

258



Dimensional Analysis

G has dimensions [L3/(M · T 2)]. From fundamental constants:

• ℏ [M · L2/T ] (action)

• c [L/T ] (speed)

• mπ [M ] (mass scale at confinement)

• α [dimensionless] (EM coupling)

• N [dimensionless] (boundary capacity N∞)

Dimensional construction: G ∼ ℏacbmd
πα

eN f

Matching dimensions:

• Mass: a+ d = −1

• Length: 2a+ b = 3

• Time: −a− b = −2

Solution: a = 1, b = 1, d = −2, giving G ∼ ℏc/m2
π.

Topological Factors: (2π)4 Decomposition

From hierarchy structure: The exponent in g4 = (2π)4 equals χ(CP3) = 4, the Euler

characteristic of CP3. Equivalently, it counts the four homogeneous coordinates [z0 : z1 : z2 :

z3], each carrying a U(1) phase with volume 2π. The factor (2π)4 is therefore a geometric

invariant of the Hopf bundle S7 → CP3: the exponent is topologically fixed (χ = n+ 1 for

CPn) and the base 2π = Vol(S1) is exact for compact fibers. Because (2π)4 is a phase-space

volume rather than a coupling constant, it does not receive radiative corrections—volumes of

compact manifolds are exact in the path integral.

Decomposition: 16π4 = (2π)4 = g4.

The factor is the fourth power of the hierarchy scaling factor g = 2π (Chapter 14 §14.4):

each cascade step carries a phase-space factor g, and Newton’s constant collects four of them.

The 16 in 16π4 is the 24 already contained in (2π)4 = 24π4—part of the phase-space volume,

not a separate discrete prefactor. That the exponent coincides with the Euler characteristic

χ(CP3) = 4—the topological reading above—and with g4—the hierarchical reading—is an

open observation rather than a derived identity.
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Coarse-graining:
√
N∞ from Holographic Averaging

Classical gravity is a collective effect averaging over all N∞ boundary cells in the horizon.

By the central limit theorem, the averaging goes as
√
N∞ (surface), not N∞ (volume). The

holographic principle states that information in a 3D volume is encoded on its 2D boundary;

the number of independent configurations on a surface of N∞ cells is
√
N∞ (not N∞) due to

the area law for entanglement entropy.

Complete Formula

G =
(2π)4ℏc α

m2
π

√
N∞

(A.16)

where:

• (2π)4 is the topological factor from g4 and Z2
2 structure

• ℏc is the quantum geometric factor

• α ≈ 1/137 is the EM coupling (determined by consistency conditions)

• mπ is the confinement scale

•
√
N∞ encodes holographic boundary capacity

Numerical evaluation. Using
√
N∞ = φ196 ≈ 9.15 × 1040 (exact from the φn2

tiling

count).

Case 1 — charged pion (mπ± = 139.6 MeV (Particle Data Group, 2024)):

G = 6.347 × 10−11 m3 kg−1 s−2; error 4.9%

Case 2 — neutral pion (mπ0 = 135.0 MeV (Particle Data Group, 2024)):

G = 6.786 × 10−11 m3 kg−1 s−2; error 1.7%

Observed: G = 6.674 × 10−11 m3 kg−1 s−2 (Particle Data Group, 2024)

The observed value is bracketed by the two predictions: the charged-pion case undershoots

by 4.9% and the neutral-pion case overshoots by 1.7%. The neutral-pion prediction is the

better match.

Physical Interpretation: Why Gravity is the Weakest Force

Three suppressions combine to make G small:

1. m2
π in denominator: sets scale where topology matters
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2. α ≈ 1/137: coupling weakness

3.
√
N∞ = φ196 ≈ 9.15 × 1040: huge coarse-graining factor

EM acts between nearby charges (no averaging); weak interaction is short-range (massive

mediators); strong force is confined (below mπ); gravity must average over
√
N∞ ≈ 9 × 1040

boundary cells in the horizon, weakening coupling by nearly 1041.

A.4 A.4 Cosmological Constant and Dark Energy

Λ as Unactualized Possibility

The cosmological constant Λ is determined by the topological capacity of the RP3 boundary:

N∞ = φ392 independent fiber sections at the λC scale. The capacity is exponentially large

(≈ e60π), making Λ ∝ 1/N∞ necessarily small.

Derivation from Partition Function Saddle Point

From the Z2 topology (factor 2 from two homotopy classes), reference energy mπc
2 (scale

where RP3 crystallizes), and the correct phase-space element (ℏc)2:

Λ =
2 (mπc

2)2

(ℏc)2 N∞
(A.17)

Note: dimensional consistency requires (ℏc)2 in the denominator, not ℏ2. The numerator

has dimensions [energy]2; (ℏc)2 has dimensions [energy2 · length2]; dividing and multiplying

by N∞ (dimensionless) yields [1/length2], correct for Λ.

Present Value Calculation

With N∞ = φ392 ≈ 8.38 × 1081 and mπ0 = 135.0 MeV (neutral pion, consistent with the

better G evaluation):

Λ ≈ 1.12 × 10−52 m−2

Observed: Λobs = 1.1 × 10−52 m−2 (Planck Collaboration, 2020)

Error: 1.5%.
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Bulk vs. Boundary Energy Distinction

Standard QFT predicts ΛQFT ∼ E2
Planck ∼ 1074 m−2, whereas Λobs ∼ 10−52 m−2—a discrepancy

of 10126. The framework resolution: QFT computes the bulk energy of the CP3 arena, which is

indeed large. But bulk energy does not source spacetime curvature in PPM—only actualized

boundary content does. Λ is set by the topological capacity N∞ = φ392 ≈ e60π; its smallness

is exponential suppression by the instanton action, not fine-tuning.

Dark Energy Equation of State

The geometric cosmological constant Λmicro is a true constant. The dark energy equation

of state deviates from w = −1 through matter-field backreaction on the geometric vacuum:

ρDE(t) = ρΛ + β ρm(t), where β encodes the instanton–matter coupling (OPEN; requires FFS

calculation). As ρm dilutes through expansion, weff → −1 asymptotically. For β ∼ 0.01–0.1,

the current-epoch deviation is weff ≈ −0.99 to −0.95.

A.5 A.4b Inflation and Initial Conditions

The PPM framework is a post-actualization theory. The RP3 boundary is the fixed-point

set of the anti-holomorphic involution τ on CP3—a global geometric fact, not a dynamical

creation. The boundary capacity N∞ = φ392 and the cosmological constant Λ = Λ = 2(mπc2)2

(ℏc)2 N∞

are set from the outset.

The framework does not contain an inflation mechanism. Three features prevent it: (1) Λ

is a topological invariant with no earlier, larger value to drive exponential expansion; (2) the

CP3 sigma model has a fixed Fubini–Study metric, not a tunable inflaton potential; (3) scalar

fluctuations on CP3 in de Sitter produce ns ≥ 1 (blue tilt from non-negative Laplacian

eigenvalues), while the observed spectrum has ns = 0.965 (Planck Collaboration, 2020) (red

tilt requiring decreasing H).

The primordial perturbation spectrum and the inflationary mechanism that produced

it are empirical inputs. The framework constrains the post-inflationary state: Λ takes its

geometric value, the actualization record begins accumulating, and the gauge/hierarchy

structure becomes operative.
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A.6 A.5 Effective Gravitational Coupling: Geff(z) =

G0(1 + z)3/2

Physical Principle: Holographic Screening by Actualization Record

The effective gravitational constant Geff governs the coupling for structure formation in the

nonlinear regime (δ ≫ 1). It differs from Gmicro because the cumulative actualization record

M(t) provides holographic screening that reduces gravity from its bare value. At earlier

epochs, fewer τ -events have occurred, screening is less complete, and the effective coupling is

stronger.

Dressed Graviton Propagator

The graviton two-point function in the presence of matter perturbations receives one-loop

corrections from actualization-field loops:

⟨hµν(k)hρσ(−k)⟩full =
⟨hµνhρσ⟩0

1 +GmicroΠ(k,M(z))
, (A.18)

where Π(k,M(z)) is the cumulative-screening polarization tensor computed from the actual-

ization record up to redshift z.

For the flat-space limit (k → 0) relevant to cosmology:

Geff(z) =
Gmicro

1 +GmicroΠ(0,M(z))
≈ Gmicro

[
1 + a(z)

]
, (A.19)

where a(z) grows with redshift as the cumulative actualization count M(z) was smaller at

earlier times.

Redshift Dependence: (1 + z)3/2 Form

Define the cumulative actualization count M(t) = Nbaryon × t/τC , where Nbaryon ≈ 2 × 1080

is the realized particle count driving τ -events (distinct from the static topological capacity

N∞ = φ392; see Chapter 14 §14.5). Since M ∝ t and, in matter domination, t ∝ (1 + z)−3/2:

M(t0)

M(z)
=

t0
t(z)

= (1 + z)3/2. (A.20)
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The effective coupling is the ratio of present-epoch to past-epoch screening:

Geff(z) = Gmicro

(
1 + z

)3/2
(A.21)

The entire 3/2 exponent comes from a single mechanism: the linear growth of M(t) with

cosmic time. The exponent 3/2 = dim(RP3)/2 traces to the dimensionality of the fixed-point

set: matter dilutes as a−d with d = 3, giving t ∝ (1 + z)−d/2 in the Friedmann solution.

During radiation domination, t ∝ (1 + z)−2, which would give (1 + z)2; however, Geff

only activates at δ > 1, and the first nonlinear structures form at z ∼ 20–30, deep in matter

domination (zeq ≈ 3400), so the radiation-era scaling is never physically relevant.

Entropic Complement

The dressed-propagator derivation above is the field-theoretic route to the result. A com-

plementary thermodynamic derivation connects M(t) to holographic entropy (Chapter 7,

§14.5.4).

Each τ -event deposits ∆S = 3 kB ln(2π) ≈ 5.5 kB on the RP3 holographic boundary. By

Verlinde’s entropic gravity (Verlinde, 2011), the gravitational coupling is Geff ∝ 1/Nscreen

where Nscreen = M(t) ∆S is the total deposited entropy. This gives Geff(z) = G0 M(t0)/M(z),

recovering the same result. The order-unity agreement between the deposited record and the

horizon entropy (Srecord/SBH ≈ 0.5) confirms internal consistency.

In the large-screening limit (Gmicro Π ∼ 10111 ≫ 1), the dressed propagator reduces to

Geff ≈ 1/Π, so the field-theoretic result depends only on the M -dependence of Π, not on

its detailed functional form. This is why the thermodynamic and field-theoretic routes

agree: both identify M(t) as the relevant counting variable, and the extreme value of the

screening parameter ensures insensitivity to subleading structure. Computing Π(k,M) from

first-principles (graviton self-energy in the CP3 sigma-model background) remains open.

Phase Transition at δc and CMB Safety

The transition from Branch A (continuum, using Gmicro) to Branch B (collapsed, using Geff)

occurs at critical density contrast:

δPPM
c (z) ≈ 1.75

(1 + z)0.19
(A.22)

At recombination (z ∼ 1090), all modes have δ ∼ 10−5 ≪ δc. The system is deep in
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Branch A. Geff never activates, regardless of epoch. No conflict with Planck data.

Quantitative Predictions for LIGO/Virgo

The stronger gravitational coupling Geff > Gmicro at redshift z > 0 enhances the merger rate

and changes the mass distribution of compact binary coalescences. Current LIGO sensitivity

can distinguish this from GR through the chirp mass measurements of high-redshift binaries

(z > 0.5).

A.7 A.6 N∞ = φ392 from Icosahedral Tiling

The Golden Ratio in A5 Symmetry

The golden ratio appears through the icosahedral symmetry group A5 ⊂ SO(3) = RP3.

The alternating group A5 is the symmetry group of the icosahedron, and its 3-dimensional

irreducible representation χ3 has character φ on order-5 elements (with χ′
3 having character

1 − φ).

The instanton moduli space PGL(4,C) (30 real dimensions), restricted to the τ -fixed

locus PGL(4,R) (15 dimensions), decomposes under A5 as:

sl(4,R) = χ1 ⊕ 3χ3 ⊕ χ5 (dim = 1 + 9 + 5 = 15). (A.23)

The three copies of χ3 carry the golden ratio through their character values. (The same

PGL(4,R) group governs measurement basis selection: its quotient by the doublet-stabiliser

yields the T 2 torus parameterised by (θAB, θCD); see Section 8.3.)

The deeper origin of φ is the class number formula for the real quadratic field Q(
√

5): the

Dirichlet L-function L(1, (·/5)) = 2 lnφ/
√

5 encodes φ as the fundamental unit of Q(
√

5), and

this L-value enters the A5-equivariant analytic torsion of RP3 twisted by χ3. The quantitative

connection between the L-value and the full boundary state count φ392 requires completing

the Ray-Singer torsion calculation for the twisted bundle; this step remains open.

The structural chain is:

CP3 τ−→ RP3 = SO(3) ⊃ A5 −→ Q(
√

5) −→ lnφ.

Each step is forced: τ selects RP3; A5 is the largest finite rotation subgroup of SO(3); the

order-5 elements of A5 generate Q(
√

5) whose fundamental unit is φ.
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Quasicrystalline Tiling and Inflation Ratio

In a Penrose tiling (Penrose and Rindler, 1984) or its 3-dimensional icosahedral generalization,

φ is the inflation ratio—after m inflation steps the tile count scales as φm. If the RP3

boundary admits a quasicrystalline tiling with icosahedral symmetry, the distinguishable

boundary states grow as φ per tiling unit.

n2 Scaling from CP3 Tube Geometry

The CP3 tube cross-section at depth d has Fubini-Study area scaling as sin2(d). For a particle

at k-level k = kEWSB + n/2, the effective tube depth is d ∝ n in units of the fundamental

winding cell. The cross-sectional area in those units is therefore ∝ n2. With φ as the state

density per unit area:

N (n) = φn2

. (A.24)

The M Doubling

The full configuration space M = CP3 ⊗Z2
RP3 contains both the CP3 sector (possibility, 6

real dimensions) and the RP3 sector (actuality, 3 real dimensions). Both sectors independently

carry n winding states at quantum number n; the total Sidharth count is their product:

NSidharth = φn2
µ × φn2

µ = φ2n2
µ = φ392 ≈ 1082 (A.25)

where nµ = 14 is the muon generation quantum number.

Connection to Lepton Generation Pattern

The muon at k = 51.5 is the nearest free fermion to the QCD confinement level k = 51

where λC is anchored. The selection of the muon level determines the boundary state count:

nµ = 14 carries the winding number that governs N .

If nτ = 7 is the fundamental unit, then nµ = 2nτ and N = φ2n2
τ = φ2×49 = φ98 ≈ 1042

(the Eddington number for one sector). The full configuration space M doubles the exponent:

N = φ196 ≈ 1041 per sector, Ntotal = φ392 ≈ 1082.

Status

The above is a proposed mechanism. Three claims require rigorous verification: (1) that the

icosahedral inflation matrix for the RP3 boundary has dominant eigenvalue φ (expected from
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the Penrose analogy, consistent with the A5 character theory, but not yet proven for the full

3D RP3 geometry); (2) that the Fubini-Study area at quantum number n is exactly n2 in

winding-cell units (a Jacobi field calculation in the CP3 tube that has not been carried through

in closed form); (3) that the CP3 and RP3 state counts combine multiplicatively under the

M product structure. The numerical coincidence φ392 ≈ 1082 holds to within the precision of

N , and the physical picture is consistent with all existing framework structure. Completing

the derivation would reduce the lepton generation quantum numbers, the Eddington number,

and the Sidharth cosmological scaling to a single geometric result from M quasicrystalline

boundary counting.

A.8 A.7 Gauge Group and Symmetry Breaking

Pati-Salam Gauge Group from CP3 Isometries

The isometry group of CP3 is SU(4), generated by unitary transformations preserving the

Fubini-Study metric. Left-right symmetry SU(2)L × SU(2)R arises from the Lie algebra

decomposition under the τ -involution.

Combined:

SU(4)C︸ ︷︷ ︸
isometries

× SU(2)L × SU(2)R︸ ︷︷ ︸
τ -invariant

= Pati-Salam (A.26)

Standard Model Breaking via Isotropy and τ

Step 1: SU(4)C → SU(3)C × U(1)B−L. Actualization selects a specific point on CP3. The

isotropy subgroup at a point is U(3) ⊂ SU(4), which breaks SU(4)C to SU(3) × U(1). This is

the color-B−L splitting.

Step 2: SU(2)R → U(1)R. The actualization involution τ breaks the right-handed SU(2)R

to its Cartan U(1)R. The left-handed SU(2)L survives because τ acts trivially on left-chiral

states.

Combined:

SU(4)C × SU(2)L × SU(2)R
isotropy+τ−−−−−−→ SU(3)C × SU(2)L × U(1)Y , (A.27)

where the hypercharge is Y = (B−L)/2 + T3R.
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Higgs from CP1 Normal Bundle

The Higgs field arises as the lowest fluctuation mode of the CP1 fiber normal bundle at

kEWSB. This normal bundle has rank 2 over C with structure group U(2); its lowest section

transforms as (1, 2)1/2—the Standard Model Higgs doublet. The Mexican hat potential arises

from the competition between the positive curvature of the Fubini-Study metric (mass term)

and the thermal contribution at kEWSB (negative mass2 term).

The Higgs quartic coupling is:

λPPM =
1

4
√
π
, (A.28)

yielding Higgs mass prediction mH = 130.8 GeV (observed 125.25 GeV; 4.4error).

Strong CP Problem: θ = 0 from τ-Invariance

The strong CP term Lθ = θ g2
s

32π2 G
a
µνG̃

a µν is odd under time reversal T .

The fundamental Z2 involution τ is anti-holomorphic, reversing the complex structure

(J 7→ −J) and acting as T on all emergent quantum fields. Actualization is the passage

from CP3 to RP3 = CP3/τ : the actualized state is τ -invariant by construction. The effective

action must therefore be τ -invariant, i.e., T -even. Any T -odd term is forbidden:

τ ∗Lθ = −Lθ =⇒ θ = 0 exactly. (A.29)

θ = 0 follows from τ -invariance of the actualization axiom alone.

Absence of Superpartners

The CP3 sigma model on a worldsheet possesses N =(2, 2) worldsheet supersymmetry. The

anti-holomorphic involution τ reverses the complex structure, acting as charge conjugation

on the R-symmetry: τ : Q+ ↔ Q̄+. The τ -invariant combinations survive the quotient, while

orthogonal combinations are projected out. The RP3 sigma model therefore has N =(1, 1)

worldsheet SUSY—half the original algebra.

Worldsheet supersymmetry does not imply spacetime supersymmetry. The worldsheet

fermions are instanton moduli, not physical spacetime particles. The framework axioms specify

CP3 as the state space, with no fermionic extension. Even if attempted, the anti-holomorphic

involution would halve fermionic coordinates and break any target-space SUSY.

Prediction: no superpartners—consistent with null LHC results through Run 3.
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A.9 A.8 Particle Mass Derivations

Lepton Masses: Z2 Quantization on RP3

Derivation of kEWSB = 44.5

The electroweak symmetry breaking scale is derived from bridge-constant parameter counting

(Section 10). The Standard Model has exactly 13 parameters whose physical existence

depends on EWSB: 9 charged fermion masses, 3 CKM mixing angles, and 1 CP-violating

phase. This count decomposes as 13 = χ(CP3) × dim(RP3) + 1 = 4 × 3 + 1: four cross-doublet

bridges times three generations, plus one global τ -odd invariant. Each parameter requires

one half-step of hierarchy crystallization, giving:

kEWSB = kref − χ(CP3) dim(RP3) + 1

2
= 51 − 13

2
= 44.5. (A.30)

Lepton Quantum Number Selection Rule

Lepton k-levels follow Z2 quantization:

kℓ = kEWSB +
nℓ

2
, kEWSB = 44.5. (A.31)

The specific quantum numbers n = 7, 14, 25 for the three generations are determined by

three topological conditions:

nτ = 2 dim(RP3) + 1 = 7 (same formula as Higgs VEV exponent), (A.32)

nµ = 2nτ = 14 (Z2 double-cover winding), (A.33)

ke = kref + dimR(CP3) = 57, ne = 25 (confinement + one CP3 width). (A.34)

Cross-check: 7 + 14 + 25 = 46 = (kref − kPlanck) − χ(CP3) = 50 − 4.

Free fermions experience Z2 topology directly through spinor structure. The 720◦ require-

ment forces k-levels to half-integer spacing from the topologically distinguished EWSB point.

Empirically:

• Electron: ke = 44.5 + 25/2 = 57.0, n = 25

• Muon: kµ = 44.5 + 14/2 = 51.5, n = 14

• Tau: kτ = 44.5 + 7/2 = 48.0, n = 7

Quantum number progression: n = 7, 14, 25.
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The pattern decomposes into representation theory and topology:

ngen = dimS2(C2 gen) + χ(CP3), (A.35)

where S2(C2 gen) counts independent quadratic forms (dimension gen(2 gen+1)) and χ(CP3) =

4 is the Euler characteristic.

Verification: gen= 1: 3 + 4 = 7 ✓; gen= 2: 10 + 4 = 14 ✓; gen= 3: 21 + 4 = 25 ✓.

Bohr-Sommerfeld Quantization with Maslov Corrections

Using E(k) = mπ × (2π)(51−k)/2 with quantized k-values:

Bare predictions (leading order WKB). These are the values one gets from the

formula above before applying the Maslov correction; they are shown to motivate the next-

order term, not as the framework’s headline prediction. The corrected values appear below.

• Electron: mbare
e ≈ 0.564 MeV; error 10%

• Muon: mbare
µ ≈ 88.4 MeV; error 17%

• Tau: mbare
τ = 2.20 GeV; error 24%

The next-order WKB correction is:

neff
gen = ngen +

(−1)gen+1 · χ(CP3)

ngen

− c2(CP
3)

n2
gen

, χ(CP3) = 4, c2(CP
3) = 6. (A.36)

where χ and c2 are topological invariants (Euler characteristic and second Chern number).

The alternating sign reflects the parity of the Lagrangian cycle.

Corrected predictions:

• Tau: neff = 7.449, kτ = 48.22, mτ = 1788 MeV; error 0.7% (observed 1777 MeV)

• Muon: neff = 13.68, kµ = 51.34, mµ = 101.9 MeV; error 3.5% (observed 105.7 MeV)

• Electron: neff = 25.15, ke = 57.08, me = 0.525 MeV; error 2.8% (observed 0.511 MeV)

RMS error: 2.6% from topological determination.

Top Quark: mt = π × E(kEWSB)

At EWSB scale, the top quark mass is:

mt = π × E(44.5) = π ×mπ × (2π)(51−44.5)/2 = π ×mπ × (2π)3.25 (A.37)

The factor π arises from the special geometric role of the top at the EWSB boundary.
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Numerically:

mt = 172.7 GeV (predicted); 172.7 ± 0.4 GeV (observed); error < 0.1.

Heavy Quarks: 1/e Kahler Suppression

Charm and bottom quarks hadronize; QCD binding reduces their constituent mass by

suppression factor:

mconstituent =
E(k)

e
, (A.38)

where e ≈ 2.718 is the Kahler potential exponential.

Charm: kc = 47.5, E(47.5) = 3.52 GeV, mc = 1.30 GeV (observed 1.27 GeV; error 2.1%).

Bottom: kb = 46, E(46) = 14.04 GeV, mb = 5.17 GeV (observed 4.18 GeV; error 24%).

Light Quarks: Kahler Barrier Mechanism

Light quarks are far from the origin in CP3 (large |z|), experiencing a strong Kahler potential

barrier:

VKahler = mπc
2 ln

(
1 +

|z|2
λ2

C

)
.

For large |z|: VKahler ≈ mπc
2 ln(|z|2/λ2

C).

Suppression formula:

mobserved = mhierarchy × exp
(

−VKahler

Escale

)
.

This explains the constituent-vs-current mass distinction geometrically: constituent

mass ≈ mhierarchy (if fully actualized); current mass ≈ mhierarchy × exp(−barrier) (partially

actualized).

Strange quark: Hierarchy energy E(49) = 880 MeV. Leading-order Kähler suppression

at |z| ≈ 1.5λC gives V/mπc
2 ≈ 1.2, factor exp(−1.2) ≈ 0.30, mLO

s ≈ 265 MeV. Observed

ms = 95 MeV requires factor ∼ 0.11 (|z| ≈ 2.7λC or higher-order corrections beyond the

leading log).

Down/Up quarks: Observed masses ∼ 2–5 MeV require |z| ≈ 3–3.5λC and suppression

factors ∼ 0.01.

Status: Geometric mechanism and order of magnitude correct. The |z| positions are

determined from observed masses (working backwards), not calculated from first principles.
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This reveals structure: SM’s 3 arbitrary continuous parameters become 3 specific |z| positions

with geometric interpretation.

CKM Mixing Angles: 720◦ Berry Phase

Mixing angles arise as Berry phases accumulated during 720◦ rotation in the Kahler manifold

CP3. Each quark occupies a position (k, |z|) in hierarchy × Kahler space:

• Top: k = 44.5, |z| ≈ 0

• Charm: k = 47.5, |z| ≈ 0.3λC

• Bottom: k = 46, |z| ≈ 0.5λC

• Strange: k = 49, |z| ≈ 1.5λC

• Down: k = 51, |z| ≈ 3.0λC

• Up: k = 51, |z| ≈ 3.5λC

The Berry connection on CP3 with Kahler potential K = mπc
2 ln(1 + |z|2/λ2

C):

A = i
∂K

∂z̄
dz = i

2mπc
2

ℏ

z̄

1 + |z|2/λ2
C

dz.

The mixing angle between quarks is the integral along a 720◦ path (two full circles,

required by spin-1/2 fermion topology):

θij =
∮

γ
A · dℓ.

This mechanism yields the CKM matrix elements from the geometric distribution of

quarks in Kahler space.

CP Violation Phase: δCP = π(1 − 1/φ)

The CKM CP phase is the τ -odd component of the flag rotation in the quark sector flag

manifold. The partition of the rotation range [0, π] into τ -even and τ -odd parts is in the

golden ratio:
δ

π − δ
=

1

φ
=⇒ δCP = π

(
1 − 1

φ

)
,

where φ = (1 +
√

5)/2 = 1.618 . . . is the golden ratio.

Numerically: δCP = π × 0.382 = 1.200 rad = 68.75◦ (predicted, quark CKM phase).

Observed (PDG2024 CKM phase): δCP = 1.137 ± 0.022 rad (Particle Data Group, 2024),

a 5.5% (≈ 2.9σ) separation.
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φ also enters N∞ = φ392 through the quasicrystalline boundary count; whether the two

appearances trace to the same A5 structure is the subject of §A.6.

PMNS Matrix: Tribimaximal Structure

The Z2 × 3D discrete symmetry of the CP3/Z2 orbifold yields the tribimaximal PMNS matrix

at leading order:

UTBM =




√
2/3 1/

√
3 0

−1/
√

6 1/
√

3 1/
√

2

1/
√

6 −1/
√

3 1/
√

2




This gives leading-order sin2 θ23 = 1/2 = 0.500 exactly.

Observed: sin2 θ23 = 0.546 ± 0.021 (Esteban et al., 2020) (NuFIT 5.2, normal ordering);

error 8.4% within 2.2σ.

A.10 A.9 Emergent Graviton and Graviton Scattering

Amplitudes

Graviton as Collective Excitation

Expand the metric around the saddle-point solution: gµν = ḡµν + hµν . The effective action

becomes:

Γeff [ḡ + h] = Γeff [ḡ] + N Γ′
1[ḡ]h︸ ︷︷ ︸

= 0 (saddle point)

+
N

2
Γ′′

1[ḡ]h2 + O(h3). (A.39)

The graviton propagator follows from the quadratic term:

⟨hµν(x)hρσ(y)⟩ =
1

N∞

(
Γ′′

1

)−1

µνρσ
(x, y). (A.40)

The 1/N∞ prefactor is the graviton normalization: each actualization event contributes

a metric fluctuation of order 1/
√
N∞. The collective effect of N∞ events produces h ∼√

N∞ × (1/
√
N∞) ∼ O(1), recovering the macroscopic metric.

Properties

The metric perturbation hµν is automatically a symmetric rank-2 tensor. In the transverse-

traceless gauge, it propagates as a massless spin-2 field with two helicity states (+ and ×),
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matching LIGO/Virgo observations.

The graviton is massless because diffeomorphism invariance of the effective action forbids

a Pauli-Fierz mass term. This is consistent with the GW150914 constraint mgraviton <

1.2 × 10−22 eV (Abbott et al., 2016).

Phonon Analogy

The phonon analogy is precise:

Crystal lattice Actualization lattice

Fundamental entity Atoms at lattice sites Actualization events

Collective mode Phonon (displacement wave) Graviton (metric perturbation)

Coupling constant Elastic moduli G from CP3 spectrum

UV cutoff Lattice spacing Kahler barrier

Graviton Scattering Amplitudes

At tree level, graviton-graviton scattering amplitudes can be computed using the effective

action expanded to quartic order in hµν . The leading amplitude for 2 → 2 graviton scattering

is:

M(1, 2 → 3, 4) = κ2

[
Einstein contribution +

κ2

12
(R2 correction)

]
. (A.41)

The R2 correction term comes from the a2 heat kernel coefficient and is suppressed by

(mπ/MPl)
2 ∼ 10−38. The soft graviton theorem is automatically satisfied: as one external

graviton’s momentum goes to zero, the amplitude vanishes at leading order, reflecting the

diffeomorphism invariance of the effective action.

UV Finiteness: Three Protective Mechanisms

Standard quantum gravity suffers from non-renormalizable loop divergences. The framework

avoids this through three independent mechanisms.

Mechanism 1: Discreteness. The graviton is a collective mode of N actualization

fields. The standard n-loop graviton integral In =
∫
d4k1 · · · d4kn/(k

2
1 · · · k2

n) is replaced by a

discrete sum:

IPPM
n =

1

Nn/2

∑

i1,...,in

⟨δgi1
· · · δgin⟩. (A.42)

This sum has at most Nn terms, each bounded by |A1| ≤ 1. Therefore |IPPM
n | ≤ Nn/2,

which is finite for any finite N . There are no virtual graviton momenta to integrate over;
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discreteness provides natural, non-perturbative regularization.

Mechanism 2: Topological Protection. The factor (2π)4 in the G formula is the

topological invariant (2π)χ(CP3), counting fixed points of the torus action. Topological

invariants do not receive radiative corrections: by the Atiyah-Singer index theorem, the index

cannot change under continuous deformations. The factor (2π)4 is a phase-space volume of

the compact Hopf fiber S7 → CP3, exact in the path integral because volumes of compact

manifolds are not renormalized.

Mechanism 3: Kahler Suppression. The Kahler potential V = mπc
2 ln(1 + |z|2/λ2

C)

provides a barrier for high-energy (large |z|) actualization events. The single-event amplitude

satisfies:

|A(z)| ∼
(
λC

|z|

)2mπc2/(ℏω)

→ 0 as |z| → ∞. (A.43)

This power-law suppression ensures absolute convergence of the actualization path integral.

Summary: Gravity in PPM is finite because it emerges from finite discrete events

(discreteness), its coupling is topologically protected (index theorem), and high-energy

contributions are suppressed (Kahler barrier).

A.11 A.10 Halo Mass Function and GW Dispersion

Modified Spherical Collapse with Geff(z)

The standard spherical collapse model predicts a critical density contrast δc = 1.686 (linear

theory), corresponding to virialization at ∆vir = 18π2 ≈ 178. With the redshift-dependent

Geff(z), the collapse threshold becomes:

δPPM
c (z) ≈ 1.75

(1 + z)0.19
(A.44)

The exponent 0.19 is much smaller than the naive estimate of 3/4 because Geff acts only

during the brief nonlinear phase (δ > 1), not throughout the entire collapse trajectory.

At z = 0: δPPM
c ≈ 1.19 (vs. 1.69 standard); at z = 10: δPPM

c ≈ 0.67, a factor ∼ 2.5 below

standard.
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Analytic Collapse Threshold

Solving the spherical collapse ODE numerically:

d2r

dη2
+
Geff(z)

r2
= 0, (A.45)

where η is conformal time and Geff switches from Gmicro to Gmicro(1 + z)3/2 at δ > 1, yields

the quoted (1 + z)−0.19 scaling. Quantitative predictions for current detectors: JWST will

observe early galaxies (z > 10) at higher abundance than ΛCDM predicts.

Gravitational Wave Dispersion Relation

The a4 Seeley-DeWitt coefficient (Weyl-squared projection) of the CP3 sigma model generates

a higher-derivative correction to the emergent graviton propagator. Because gravity is

emergent—the Einstein term itself arises from a2—the collective-mode propagator includes

all heat kernel orders, and the ratio a4/a2 directly sets the leading dispersion correction.

For Ns = 6 real scalar fields (the real dimension of CP3), the Weyl-squared coefficient

in a4 is Ns/180 = 1/30 per unit volume. Matching the Einstein term to 1/(16πG) fixes the

UV cutoff at Λ2 = 2πM2
Pl, and the IR scale is µ = mπ (the energy anchor). The dispersion

relation is:

ω2 = c2k2
[
1 + αGW (ℓP k)2

]
, (A.46)

where ℓP =
√
ℏG/c3 is the Planck length and

αGW =
ln
(√

2πMPl/mπ

)

15π
≈ 46.9

47.1
≈ 1. (A.47)

The dominant contribution to the logarithm is 98 lnφ (where 98 = 392/4 is one-quarter of the

N∞ exponent), making αGW a framework-determined constant rather than a free parameter.

The correction is superluminal (αGW > 0): the Weyl-squared coefficient is positive for

bosonic fields. Superluminal phase velocity does not violate causality; the signal front velocity

remains exactly c (Shore, 2007).

At LIGO/Virgo frequencies (f ∼ 100 Hz): ∆v/c ∼ 6 × 10−82, some 1066 below the

GW170817 constraint |∆v/c| < 3 × 10−15 (LIGO Scientific Collaboration et al., 2017). At

ultrahigh-energy cosmic ray frequencies (f ∼ 1015 Hz): ∆v/c ∼ 6 × 10−56. The prediction is

undetectable at all currently accessible frequencies.

Caveat: This is the leading-order result for Ns = 6 minimally coupled scalars. The Z2-
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equivariant heat kernel (contributions from the RP3 fixed-point set of τ) provides subleading

corrections. The full CP3 spectral coefficients (item R1) would refine αGW but cannot change

the Planck-scale suppression.

A.12 A.11 Black Hole Interior and Page Curve from

Actualization

Actualization During Infall

For an observer falling through the horizon of a Schwarzschild black hole of mass M , the

proper time from horizon to singularity is finite, τfall = πGM/c3. The interior crossing is a

discrete sequence of CP3 → RP3 projections, and its length is bounded. The rate at which

those projections occur cannot exceed the ceiling 2/(π tP) fixed by the per-event floor of the

following subsection, so the number of events on the infalling worldline satisfies

Nfall ≤ 2

π tP
τfall =

2GM

c3 tP
=

rS

ℓP

. (A.48)

The infall comprises at most the Schwarzschild radius measured in Planck lengths—Nfall ≈
1.8 × 1038 for a solar-mass black hole—a finite discrete worldline through the interior region.

The Singularity and the Actualization Floor

As r → 0 the tidal forces of the Schwarzschild interior (curvature invariant RµνρσR
µνρσ ∝

M2/r6) diverge, and the Penrose–Diósi rate Γ, which tracks the gravitational self-energy

of the superposed branches, diverges with them. Read purely gravitationally this is the

singularity: collapse demanded instantaneously.

The framework does not inherit that divergence. Γ measures the decoherence gravity

demands; the rate at which actualization is carried out is a distinct quantity, the inverse of

the per-event time. Each τ -projection event takes the Margolus–Levitin minimum-evolution

time τevent = πℏ/(2E) (Margolus and Levitin, 1998) (Eq. 8.13), and the actualization energy

E cannot exceed the Planck rung of the cascade, E ≤ EP at k = 1. The event clock therefore

has a hard floor,

τevent ≥ πℏ

2EP

=
π

2
tP, (A.49)

and the actualization rate a hard ceiling, ντ = 1/τevent ≤ 2/(π tP).
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The actualization rate cannot diverge. The divergence of Γ is the artifact of extrapolating

the classical curvature past the Planck scale, where the cascade has no rung and the geometry

supplies no further states to project. What general relativity labels a singularity is, in the

framework, a Planck-scale core: actualization runs at the ceiling rate 2/(π tP) with the

event clock pinned at its floor (π/2) tP. The infalling worldline of the preceding subsection

terminates in this core, its proper time positive and its event rate bounded throughout.

The saturation point is sharp. Near r → 0 every timelike geodesic of the interior obeys

r ∝ (τs −τ)2/3, with τs the proper time of the classical singularity, so the curvature timescale—

the tidal frequency ω =
√

2GM/r3—satisfies ω (τs − τ) = 2/3 exactly. Equating ω to the

ceiling 2/(π tP) places the saturation at

τs − τ =
π

3
tP, (A.50)

one Planck time of proper time before the classical singularity, and independent of M . The

saturated core is shallower than a single event: (π/3) tP < (π/2) tP, the event-time floor of

Eq. A.49. The final τ -projection cannot complete before classical r = 0; that locus falls inside

the last, unfinished event interval and is never itself actualized.

The resolution introduces no new postulate: it uses the Margolus–Levitin event time the

framework already assigns every τ -projection, evaluated at the Planck bound of the cascade.
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Figure A.1: The black-hole interior has no singularity. On infall the demand for
actualization diverges; the delivered rate cannot. Two estimates of the demand are
plotted against proper time remaining to the classical singularity: the parameter-
free curvature frequency ω =

√
2GM/r3 (grey) and the Penrose–Diósi gravitational

decoherence rate Γ = EG/ℏ (violet dashed, drawn for a Planck-scale system, the
minimal case — a macroscopic infaller saturates the ceiling far earlier). Both diverge
toward r → 0. The delivered actualization rate ντ = 1/τevent (gold) cannot follow:
each τ -projection takes the Margolus–Levitin time τevent = πℏ/(2E) (Eq. 8.13) with
E capped at the Planck rung of the cascade, so ντ saturates at the ceiling 2/(π tP) ≈
1.2 × 1043 Hz. The curvature demand reaches that ceiling at τs − τ = (π/3) tP
(Eq. A.50), one Planck time of proper time before the classical singularity — a
separation independent of the black-hole mass. In proper-time coordinates the picture
is mass-independent.

Information and the Page Curve

The Page curve describes the time evolution of entanglement entropy between Hawking

radiation and the remaining black hole. In PPM, all ingredients are available: the Wald

entropy SBH = kBc
3A/(4Gℏ), the Hawking luminosity dM/dt = −ℏc6/(15360πG2M2), and

the horizon actualization rate ΓBH = Mc2/(2ℏ) (Eq. 2.13 with r = rS = 2GM/c2).

Scrambling time:

tscr =
2GM

c3
ln
(
SBH

kB

)
=

2GM

c3
ln

(
4π

M2

M2
Pl

)
. (A.51)
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For a solar-mass black hole, tscr ≈ 2 × 10−3 s; for Sgr A*, tscr ≈ 2 × 103 s.

Qualitative structure. Each Hawking quantum is a τ -projection event at the horizon

operating at exhausted channel capacity (R → 1); with the channel capacity vanished, almost

all pre-projection content is converted to entropy and the radiation is thermal. Because

τ : CP3 → RP3 is non-invertible, the infalling fiber content is destroyed as it is converted,

and the entanglement entropy of the radiation rises monotonically,

Sent(t) = Srad(t) = SBH(0) − SBH(t), (A.52)

reaching SBH(0) at complete evaporation. It does not turn over at the Page time: once

a Hawking quantum has carried entropy away, no interior subsystem remains for it to

re-correlate with, and no principle requires the destroyed information to be recoverable.

This is a falsifiable discriminator. Unitarity-preserving resolutions (firewall, ER=EPR,

complementarity) predict the standard Page curve (Page, 1993), Sent = min(Srad, SBH),

turning over near tPage ≈ 0.65 tevap and returning to zero at full evaporation. PPM predicts

no turnover: in an analog-black-hole experiment the radiation entanglement entropy should

grow monotonically through the Page time, so a measured Page curve discriminates the

projection account from every unitarity-preserving proposal.

A.13 A.12 Lindblad Formalization and Active Inference

Problem: Non-unitary Projection

The interaction term Hint contains the non-unitary projection Âb. This makes the self-

adjointness question ill-posed: Hint is not a Hamiltonian generating unitary evolution. The

correct mathematical framework is the Lindblad master equation (Lindblad, 1976), which

separates the dynamics into a unitary part and a dissipative part.

Lindblad Master Equation with Jump Operators

Using Âb as Lindblad jump operators with the Penrose-Diósi rate (Diósi, 1989; Penrose, 1996)

Γb = Gm3
bc/ℏ

2 (Eq. 2.14):

dρ

dt
= − i

ℏ
[Hα, ρ] +

∑

b

Γb

(
Âb ρ Âb − 1

2
{Âb, ρ}

)
. (A.53)
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Since Â2
b = Âb = Â†

b, the dissipator simplifies to:

D[ρ] =
∑

b

Γb(ÂbρÂb − 1
2
Âbρ− 1

2
ρÂb). (A.54)

This is a valid Lindblad dissipator (Lindblad, 1976): completely positive and trace-

preserving. The self-adjointness question dissolves—the generator is the Lindbladian super-

operator L (not the single self-adjoint operator a Hamiltonian would provide).

Decoherence Rates

The dissipator drives τ -odd coherences to zero exponentially. For the off-diagonal element

ρ+− = ⟨+|ρ|−⟩:
dρ+−
dt

= · · · − 1
2
Γ ρ+−, τdec =

2

Γ
=

2ℏ2

Gm3c
. (A.55)

This is the Penrose-Diósi gravitational decoherence time (Diósi, 1989; Penrose, 1996) with

r = λC (Eq. 2.14). Representative values: Planck mass τdec = 2 tP ≈ 10−43 s; pion mass

τdec ∼ 109 yr; cat mass (5 kg) τdec ∼ 10−69 s.

Born Rule from Lindblad Fixed Point

The Lindblad equation (Lindblad, 1976) has a unique steady state L[ρ∞] = 0: any density

matrix supported on V +. For a pure initial state |ψ⟩ = a|+⟩ + b|−⟩, the dissipator drives

ρ → |+⟩⟨+| with probability |a|2. The Born rule emerges as the Lindblad fixed-point

distribution; it is a consequence of the dissipator structure rather than an independent

postulate.

Quantum Zeno Dynamics

When the dissipation rate Γbath exceeds the system’s unitary rate ωsys, Lindblad (Lindblad,

1976) produces quantum Zeno dynamics: the τ -even sector is protected against leakage to

τ -odd, with coherence time scaling as:

τZeno =
τ 2

sys

τbath

. (A.56)

This is the mechanism underlying the Zeno protection at kconscious.
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The Lindblad Substrate for Active Inference

For a boundary system at kconscious, define the effective free energy functional:

Feff [ρ] = − logP (b | ρ) = − log Tr
[
Âb ρ Â

†
b

]
. (A.57)

Proposition A.13.1 (Lindblad Evolution as Free-Energy Descent). The Lindblad equation

at kconscious drives ρ toward configurations that minimize Feff [ρ]—a free-energy descent that

supplies the dynamical substrate Friston’s active-inference account requires (Friston, 2010).

Lindblad dissipation steers the boundary toward actualization-efficient configurations—

the same configurations that minimize free energy. That descent supplies the substrate

an active-inference description requires; the description itself applies only to a boundary

organized with a generative model.

Single-Substrate Feedback Bias

Because the predictive state of the boundary system is itself a physical configuration of CP3,

the prediction is causally embedded in the same actualization substrate. The full coupled-

system Lindblad equation contains off-diagonal jump operators coupling the boundary’s

internal states to environmental events. When ρsys is in a predictive configuration, these

cross-terms bias the probability distribution of the next environmental actualization:

δP (b) ∝
∥∥∥Âsys→env

b

∥∥∥
2 ·

∥∥∥ρsys − ρmax

∥∥∥
HS
. (A.58)

Both the predicting system and the predicted events are actualization modes of the same

CP3 substrate.

A.14 A.13 Background Independence

CP3 as Phase Space, Not Spacetime

The fixed mathematical structure in PPM is CP3—the space of possibilities for each micro-

event. This is a topological space analogous to the phase space of classical mechanics, not a

“background” in the objectionable sense. Spacetime geometry (gµν on RP3) is the output of

the actualization process. Before any actualization, there is no metric. After N actualizations,

the metric is determined by the saddle-point of Γeff .
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The Problem of Time Resolution

The Wheeler–DeWitt constraint (Wheeler, 1968) ĤG|ψ⟩ = 0 is often cited as creating a

“problem of time”: if the Hamiltonian annihilates the state, how does anything evolve? In

PPM, the resolution is direct: time is the ordered sequence of actualization events. The

constraintHG = 0 says that geometry does not evolve between actualizations, which is correct—

geometry is the accumulated record of past events, not a dynamical degree of freedom. No

clock variable is needed; the sequence of discrete actualizations provides fundamental discrete

time.

Diffeomorphism Invariance

The effective action Γeff [g] = NΓ1[g] is diffeomorphism-invariant because the heat kernel

expansion respects all symmetries of the Laplacian ∆CP3 . The saddle-point equations Gµν +

Λgµν = (8πG/c4)Tµν are manifestly covariant. This invariance is automatic, not imposed as

an additional constraint.

Comparison to LQG and String Theory

Loop quantum gravity achieves background independence by quantizing the Ashtekar connec-

tion directly, producing spin network states and discrete area/volume spectra. PPM achieves

the same outcome from the opposite direction: geometry emerges from quantum actualization

events, and discrete spectra (area quantized in 4ℓ2
P cells from Z2 ×Z2) follow from the lattice

structure of the actualized boundary. Both approaches give discrete geometric operators, but

PPM does not require quantizing geometry directly—the discreteness is in the events, not

the geometry.

String theory requires a fixed background metric to define worldsheet conformal invariance.

PPM operates in a framework where spacetime geometry is emergent and not fixed a priori.

A.15 A.14 Thermodynamics from the τ-Projection

The four laws of classical thermodynamics and the Boltzmann distribution follow from specific

properties of the τ -projection without additional postulates. This appendix provides the

derivations supporting the claims in Section 7.
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Entropy of Actualization

Each τ -firing projects a CP3 state onto RP3. The projection is many-to-one in practice:

many CP3 states share the same RP3 projection (they differ only in imaginary fiber content,

which τ strips). The number of CP3 microstates compatible with a given RP3 macrostate at

hierarchy level k is

Ω(k) = Vol
(
Np(RP3/CP3)

)
= (2π)dim(Np) = (2π)3, (A.59)

where Np is the normal space at point p ∈ RP3 (rank 3, from the Lagrangian isomorphism

N ∼= TRP3) and the volume is measured in units of the τ -fiber volume Vol(ker τ) = 2π per

dimension.

The entropy increase per actualization event is therefore

∆S = kB ln Ω = 3 kB ln(2π) ≈ 5.52 kB. (A.60)

This is positive and nonzero for every τ -firing, establishing the second law as a theorem of

the framework.

Derivation of the Second Law

Proposition A.15.1 (Second Law from τ). For any sequence of n actualization events on a

system initially in state ρ0, the total entropy satisfies Sn ≥ S0 + n∆S > S0.

Proof. Each τ -firing maps the density matrix ρ 7→ Âb ρ Â
†
b/Tr[Âb ρ Â

†
b], where Âb is the pro-

jection onto the τ -even subspace at site b. This is a completely positive, trace-preserving map

(a quantum channel). By the data-processing inequality for von Neumann entropy, quantum

channels cannot decrease entropy: S(E(ρ)) ≥ S(ρ). The specific channel corresponding to

τ -projection increases entropy by at least ∆S = kB ln Ω per application, because Ω orthogonal

τ -odd states are mapped to the same τ -even output (the coarse-graining is by a factor Ω).

Summing over n events gives Sn ≥ S0 + n∆S.

The irreversibility is physical, not mathematical. Although τ 2 = id (the operator is

its own inverse), the actualization process—selecting a specific RP3 point from among Ω

compatible CP3 states—is many-to-one. Knowing the RP3 outcome does not determine which

CP3 state produced it. This is the microscopic origin of the arrow of time: the direction from

CP3 (many possibilities) toward RP3 (one actuality) defines the temporal direction.
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Derivation of the First Law

τ is an isometry of the Fubini–Study metric: τ ∗gF S = gF S. The Type D content (|zi|2,
energy/intensity) is τ -invariant because |z̄i|2 = |zi|2. Therefore the total energy E =

∑
i |zi|2

(in Fubini–Study units) is preserved through every actualization event:

Eafter = Tr[Ĥ ÂbρÂ
†
b]/Tr[ÂbρÂ

†
b] = Tr[Ĥ ρ] = Ebefore, (A.61)

where the second equality uses [Ĥ, Âb] = 0 (the Hamiltonian commutes with τ -projection

because Hα is Z2-equivariant). Energy conservation is the statement that τ preserves the

metric.

Derivation of the Zeroth Law

Two systems A and B sharing an actualization boundary reach thermal equilibrium because

the τ -projection attractor has a unique fixed point for the joint system. The attractor

minimizes the free energy F = E−TS subject to fixed total energy EA +EB = Etotal. At the

minimum, ∂F/∂EA = 0, which gives 1/TA = ∂SA/∂EA = ∂SB/∂EB = 1/TB, i.e., TA = TB.

Derivation of the Third Law

As k → 0 (Planck scale), E(k) ≫ kBT for any finite temperature T . All fiber modes are

hard-quantized: there is only one ground state (the fully crystallized RP3 lattice with all

imaginary content frozen into discrete quantum numbers). The degeneracy is Ω = 1, giving

S = kB ln 1 = 0.

Derivation of the Boltzmann Distribution

In the fully thermal limit (k ≫ 75, E(k) ≪ kBT ), the τ -projection attractor converges to

the maximum-entropy configuration at fixed total energy. Maximizing S = −kB
∑

i pi ln pi

subject to
∑

i pi = 1 and
∑

i piEi = ⟨E⟩ (the energy constraint from the first law) gives, by

the method of Lagrange multipliers:

pi =
1

Z
e−Ei/(kBT ), Z =

∑

j

e−Ej/(kBT ). (A.62)

The Boltzmann distribution is the unique fixed point of the τ -projection attractor with

the constraint that Type D content (energy) is τ -invariant. Classical statistical mechanics
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emerges from the same operator that produces quantum mechanics at higher k-levels and

Einstein’s equations at the Planck scale.
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Appendix B

Open Calculations and Technical

Debts

This section catalogs incomplete calculations in the framework, classified by the nature of

the gap and by dependency structure. The tiers reflect causal ordering: Tier 1 items are root

dependencies—they block other work. Tier 2 items become tractable once specific Tier 1

calculations close. Tier 3 items are independent or minor. Closing the root calculations would

convert most Tier 2 items from “mechanism identified” to “numerically complete” and would

in turn loosen the constraints on several Tier 3 entries.

B.0.1 Tier 1: Root Dependencies

Each of these is an independent mathematical problem that does not depend on the others.

Each blocks one or more downstream calculations.

R1. CP3 sigma-model spectral coefficients. Derive the coefficients connecting the

heat-kernel trace (Gmicro) to Geff(z) = G0(1+z)3/2 from the CP3 sigma model. Requires

instanton-background fluctuation spectrum, zeta-regularized functional determinant,

and Dunne–Ünsal resurgence framework. This is the single most important open

calculation in the framework.

Expertise: spectral geometry, resurgent asymptotics.

Unlocks: D1 (CMB power spectrum), D2 (vacuum energy structure), D8 (kEWSB from

Coleman–Weinberg), D9 (Pati–Salam vacuum energy).

Sections 19.3, 19.5.
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R2. Fubini–Study → MS normalization. Calculate the Kähler-holomorphic transfor-

mation connecting Fubini–Study normalization (αGUT = 1/r2 = 0.1) to MS at the

Pati–Salam scale. Would close the ∼ 4× normalization gap.

Expertise: Kähler geometry, renormalization.

Unlocks: D3 (αs precision), D4 (heavy quark RG running), D9 (Pati–Salam vacuum

energy).

Section 18.6.

R3. Stiefel bundle Berry connection. Derive the Berry connection on the Stiefel bundle

V2(C4) → CP3 restricted to the quark (k, |z|) submanifold. The connection determines

all CKM and PMNS mixing angles via holonomy along 720◦ paths. Naive Fubini–Study

geodesic approximations fail (tested numerically); the full Stiefel bundle geometry is

required.

Expertise: fiber bundle differential geometry.

Unlocks: D5 (CKM angles), D6 (PMNS subleading), D7 (full Yukawa matrix), D10

(sterile-neutrino Berry integer K).

Section 19.3.

R4. Fine-structure constant: twistor precision (Route II). Route II (cogito loop

consistency) involves a twistor integral that is well-defined but not evaluated to full

precision. Closing the ∼ 0.15% gap requires explicit evaluation of the integral on twistor

space CP3 → S4.

Expertise: twistor theory, complex integral evaluation.

Independent—no downstream dependents.

Section 13.

R5. Instanton prefactor (Route III). The degree-3 instanton exponent giving α is

established; the transverse volume of the instanton moduli space (the prefactor) is not.

Also required for the light quark |z| positions (the moduli space structure determines

the allowed fiber configurations).

Expertise: algebraic geometry, instanton moduli.

Unlocks: partially unlocks I3 (light quark positions).

Section 13.

288



B.0.2 Tier 2: Dependent Calculations

Each of these becomes tractable once a specific Tier 1 root calculation closes. The dependency

is listed explicitly.

D1. CMB power spectrum with modified growth. Modify CLASS or CAMB Boltz-

mann codes to implement Gmicro in background evolution and Geff(z) in perturbation

growth. Compute full Cℓ for ℓ = 2–3000.

Depends on: R1 (provides the formal coefficients for the Gmicro/Geff split).

Expertise: numerical cosmology, Boltzmann codes.

Section 19.5.

D2. Vacuum energy structure of the spectral ladder. Compute the effective potential

of the CP3 sigma model as a function of k-level—specifically the vacuum energy

difference between the unbroken Pati–Salam phase (k < kbreak) and the broken SM

phase (k > kbreak). This is the fundamental question of how the CP3 ground state

energy varies across the hierarchy. If a large vacuum energy difference exists at the

GUT-scale transition, it may bear on inflation.

Note: The previous version of this item proposed deriving ns from CP3 scalar fluctuations

in de Sitter. Explicit calculation shows that scalar modes on CP3 (positive-curvature

Fubini–Study Laplacian) produce ns ≥ 1 (blue tilt), incompatible with the observed red

tilt ns = 0.965 (Planck Collaboration, 2020). The primordial perturbation spectrum is

an empirical input to the framework (Section 15.7).

Depends on: R1 (the sigma-model spectral analysis provides the functional determinant

at each k-level).

Expertise: QFT on curved spaces, effective potentials.

D3. αs at MZ from first principles. Two-loop RG running from the Pati–Salam scale to

MZ is implemented and correct. The entire error (∼ 40%) comes from the UV boundary

value.

Depends on: R2 (the holonomy correction sets the correct UV coupling).

Section 11.

D4. Heavy quark mass precision. Full RG running of heavy quark masses from pole to

MS and back requires the correct coupling at each threshold.

Depends on: R2 (correct normalization) and partially on D3 (αs precision).

Section 11.
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D5. CKM mixing angles. The Berry connection on Spin(RP3) is now explicit (Aradial = 0,

Ascale = 0, AHopf = 1/2); the bundle is no longer a black box. First-principles |Vij|
magnitudes still require explicit numerical integration of the Berry connection along

720◦ paths for θ12, θ23, θ13, with two residual inputs: the light-quark |z| positions

(cross-listed under I3) and the Stiefel-bundle integrand (R3).

Depends on: R3 (Stiefel-bundle integrand) and I3 (light-quark |z|).
Expertise: numerical differential geometry.

Section 19.3.

D6. PMNS subleading corrections and neutrino barrier heights. Full bulk-wall

coupling on CP3/Z2 for corrections beyond TBM; explicit τ -potential barriers for the

three neutrino mass eigenstates. The underlying spinor-bundle formalism on Spin(RP3)

is now in place; the residual gap is the orbifold-perturbation-theory calculation rather

than the bundle geometry itself.

Depends on: R3 (same bundle geometry governs lepton mixing).

Expertise: orbifold perturbation theory.

Section 19.3.

D7. Full 3 × 3 Yukawa matrix. Complete matrix including off-diagonal family mixing for

both quarks and leptons.

Depends on: D5 (CKM angles) and D6 (PMNS corrections).

Section 19.5.

D8. Coleman–Weinberg derivation of kEWSB. The electroweak symmetry-breaking

scale kEWSB = 44.5 currently arises from the framework’s hierarchy structure rather

than from a direct CW-potential calculation. Spectral analysis of the CP3 sigma model

places the CW crossing at k = 42.67, leaving a ∆k ≈ 1.63 residual traceable to the full

Fubini–Study effective potential.

Depends on: R1, R2.

Expertise: QFT effective potentials, Kähler-geometric RG.

D9. Vacuum energy at the Pati–Salam scale. Coleman–Weinberg potential at kbreak ≈
16.25 yields ns ≈ 0.97 and r ∼ 10−3 at qualitative order; quantitative prediction is

blocked on the Fubini–Study→ MS normalization (R2) and the vacuum-energy structure

of the spectral ladder (D2). Distinct from D2: D9 targets the absolute scale at the

GUT-region break point, while D2 targets the k-dependent functional shape.

Depends on: R2, D2.
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D10. Sterile-neutrino Berry integer K. The active–sterile mixing-angle ansatz θ ≈
π/(φK) flagged in Section 15.6 requires a first-principles value of K from the hierarchy

connection in ch10b-mixing. For a 7 keV sterile-ν dark-matter candidate with τ ∼ 1022 s,

standard radiative-decay arithmetic requires K ∼ 103–104.

Depends on: R3 (Stiefel-bundle Berry connection).

B.0.3 Tier 3: Independent Items

These items do not depend on any Tier 1 calculation. Each can be pursued independently.

I1. Bohr–Sommerfeld O(1/n2) coefficients. The cascade-locator identification kcorrected
ℓ =

kEWSB + neff
ℓ /2 yields lepton masses from one anchor (mπ) and three integer quantum

numbers, with a 0.7–3.5% residual error. A Duistermaat–Heckman calculation would

derive the χ(CP3)/n and c2(CP
3)/n2 coefficients of the Bohr–Sommerfeld expansion

from first principles, closing the residual to sub-percent precision.

Section 19.3.

I2. N∞ = φ392 exponent. Structurally motivated from A5 icosahedral tiling but not

derived from first principles. Contributes ∼ 1.5% error to the cosmological constant. An

index-theoretic derivation linking the spectral side (the (2π)27
√
α heat-kernel quantity)

to the topological side (the φ98 packing invariant) would supply the same structural

input.

Section 10.

I3. Light quark |z| positions. Forward calculation of u, d, s positions in the instanton

moduli space. Currently determined backwards from observation. Partially coupled to

R5 (moduli space structure), but the chiral anomaly constraints that determine the

positions are independently formulated. Independent first-principles |Vij| predictions

for the CKM matrix are gated on these positions.

Expertise: instanton physics, chiral perturbation theory.

Section 19.3.

I4. Bottom quark bound-state calculation. Full bound-state calculation near nonper-

turbative QCD regime (currently 24% error).

Section 11.

I5. Gravitational-wave dispersion relation: higher-order corrections. The leading-

order result is derived: a4 Seeley–DeWitt on the Weyl2 projection with Ns = 6 real
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scalars yields αGW = ln(
√

2πMP/mπ)/(15π) ≈ 0.995, giving the dispersion ω2 =

c2k2[1 + αGW(ℓPk)2]. At LIGO 100 Hz, ∆v/c ∼ 6 × 10−82, which sits 1066 below the

GW170817 limit. Higher-order Z2-equivariant corrections to the dispersion remain

blocked on R1 (sigma-model spectral coefficients).

Section 19.5.

I14. Half-variance condition λ2
1t∗ = 1/2 from first principles. The diffusion time

t∗ = 1/32 that fixes the Route I derivation of α (Section 13) is selected by a half-variance

condition currently treated as ansatz validated post hoc by the resulting 0.16% precision.

Three resolution paths are available: (i) derivation as a privileged heat-kernel scale;

(ii) citation to canonical heat-kernel literature where the condition is established; (iii)

formal acknowledgement as ansatz.

Expertise: spectral geometry, heat kernels.

I15. Index-theoretic provenance of the master self-consistency relation. The

relation (2π)27
√
α = φ98 equates a spectral quantity computed by heat-kernel methods

on CP3 to a topological invariant on RP3 = Fix(τ). The structural form is that of an

equivariant index theorem; no such theorem is currently in hand, and the empirical

0.38% agreement supplies what the theorem would otherwise guarantee. A derivation

would also close I2.

Expertise: Z2-equivariant K-theory, index theory.

B.0.4 Dependency Summary

Root Unlocks Cascade

R1 (sigma-model) D1, D2, D8, D9 CMB power spectrum, vacuum energy,

kEWSB, PS vacuum energy

R2 (normalization) D3, D4, D9 αs(MZ), heavy quark masses, PS vac-

uum energy

R3 (Stiefel bundle) D5, D6, D7, D10 CKM angles, PMNS corrections, full

Yukawa, sterile-ν Berry integer K

R4 (twistor α) — Standalone; improves α precision

R5 (instanton prefactor) (I3) Partial: light quark positions

Closing R1 + R2 + R3 would convert most Tier 2 items from “mechanism identified”

to “numerically complete,” covering the CMB, αs, the EWSB scale, the Pati–Salam vacuum-

energy structure, all mixing angles, and the full Yukawa matrix. D7 (the full Yukawa matrix)
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then follows automatically from D5 and D6. Adding R4 and R5 closes the α precision and

opens the light quark sector. The Tier 3 items can be addressed on any timeline without

blocking other work.
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Appendix C

Notation Guide

Core Geometric Objects

CP3 Complex projective 3-space (possibility space)

RP3 Real projective 3-space (actuality space)

τ Complex conjugation, the actualization operator

gF S Fubini-Study metric on CP3

ω Kähler symplectic form

J Complex structure (multiplication by i)

Physical Constants

c Speed of light

ℏ Reduced Planck constant

G Newton’s gravitational constant

α = 1/137.036 Fine-structure constant

mπ Pion mass (energy scale anchor)

kB Boltzmann constant

g = 2π Hierarchy scaling factor

Hierarchy Levels

k is the hierarchy parameter, with:

• k = 1: Planck scale
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• k = 51: QCD/confinement scale

• k ≈ 75.35: Critical scale

Energy at level k: E(k) = mπ(2π)(51−k)/2 MeV

Four Fact Types

Type A Spectral (quantum numbers) — τ -odd

Type B Spatial (geometry, mass) — τ -even

Type C Chiral (handedness) — τ -odd

Type D Intensity (energy, probability) — τ -even

Abbreviations

PPM Projective Process Monism

EWSB Electroweak Symmetry Breaking

QCD Quantum Chromodynamics

QFT Quantum Field Theory

GR General Relativity

JWST James Webb Space Telescope
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Appendix D

Canonical Equations and Numerical

Values

The PPM framework rests on a small number of structural equations from which the rest

follows. This chapter collects them in one place for reference.

Arena and Operator

A1. Arena. The possibility space is CP3 (6 real dimensions, Kähler, Fubini–Study metric

gF S).

A2. Operator. The actualization map is complex conjugation τ : [z0 : z1 : z2 : z3] 7→ [z̄0 :

z̄1 : z̄2 : z̄3]. Properties: τ 2 = id, anti-holomorphic, isometric, Fix(τ) = RP3.

A3. Actuality space. RP3 = Fix(τ) (3 real dimensions).

A4. Symmetry group. PSU(4) is the isometry group of CP3. τ breaks it: PSU(4)
τ−→

U(4) → SU(3) × SU(2) × U(1).

Hierarchy

H1. Hierarchy formula. E(k) = mπ (2π)(51−k)/2, where mπc
2 ≈ 140 MeV and k is the

hierarchy level (k = 1 Planck, k = 51 pion).

H2. Scaling factor. g = 2π, from Vol(S1)/Vol(RP1).
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H3. Persistence ratio. R(k) = E(k)/(kBT ). Three regimes: R ≫ 1 (static persistence),

R ≈ 1 (dynamic persistence/consciousness), R ≪ 1 (classical/thermal).

Born Rule

B1. Born rule from Z2 topology. π1(RP
3) = Z2 forces spinorial structure. The unique

bilinear Z2-invariant on sections of the tautological bundle is |ψ|2. Probability = |⟨ψ|ϕ⟩|2
is derived, not postulated.

Information Theory

I1. Channel capacity. I(k) = 3 log2 R(k) bits per τ -event.

I2. Entropy production. ∆S = 3 kB ln(2π) ≈ 5.5 kB per event (k-independent).

I3. Dual efficiency. ηI(k) + ηS(k) = 1, where ηI = I(k)/Spre and ηS = ∆S/Spre.

I4. Complementarity budget. (A,B) doublet and (C,D) doublet are symplectically

orthogonal: ω|VAB×VCD
= 0. Two independent measurement angles (θAB, θCD) ∈ T 2.

I5. Measurement torus. T 2 = PGL(4,R) / Stab(VAB ⊕ VCD).

Forces and Constants

F1. Gauge group. τ breaks PSU(4) through the chain SU(4)C × SU(2)L × SU(2)R →
SU(3) × SU(2) × U(1).

F2. Weinberg angle. sin2 θW = dim(RPn)/[2χ(CPn)] = 3/8 at the Pati–Salam scale

(n = 3).

F3. Fine-structure constant. Three independent routes converge: α−1 ≈ 137.036.

F4. Newton’s constant. G = 16π4 ℏc α / (m2
π

√
N∞), with N∞ ≈ 1082 (asymptotic bound-

ary capacity).

F5. Self-consistency condition. (2π)27
√
α = φ98 (residual 0.38%), where φ = (1+

√
5)/2.
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Thermodynamics

Th1. Four laws. Zeroth: connectedness of RP3. First: τ is isometry. Second: projection

CP3 → RP3 is many-to-one. Third: fiber volume → 0 as T → 0.

Th2. Arrow of time. τ 2 = id (invertible), but projection is information-losing: actualized

record accumulates monotonically.

Th3. Landauer threshold. ELandauer = 3 kBT ln(2π) ≈ 5.5 kBT . Equals available energy

at R(k) ≈ 5.5, i.e. k ≈ 73.

Subjective Experience

C1. Consciousness locator. kc(T ) = 51−2[log(kBT )−log(mπc
2)]/ log(2π). At T = 310 K:

kc ≈ 75.35. This is a locator (given T , find k), not a prediction of T .

C2. Two conditions. (i) Energetic: R(k) ≈ 1. (ii) Geometric: fiber coherence Φ > 0.

C3. Integration measure. Φ ∼ cΣ

√
N α2 (area law, cΣ boundary constant).

C4. Phenomenal flux. Ψ = Φ × ντ × ∆S, where ντ is the τ -firing rate.

C5. BKT transition. ξf ∼ exp(c/
√
T − TBKT): consciousness onset is an abrupt phase

transition in the RP2 sigma model.

C6. Self-referential fixed point (conjectured). Tbio → E1 → u1(d) → α → Neff →
Ncosmic → G,Λ. If closure holds, Tbio is determined, upgrading the locator to a genuine

prediction.

D.1 Headline Numerical Comparisons

Headline empirical comparisons. The Higgs VEV vH is the framework’s calibrated EW scale

(PPM identifies vH with E(kEWSB) by construction, so the row is shown for traceability

rather than as an empirical test) and sin2 θW is a structural identity rather than a direct

measurement comparison; see Chapter 19 for the full registry with type tags.
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Quantity Prediction Observed Error

1/α (Route I) 137.257 137.036 0.16%

mt (GeV) 172.7 172.7 < 0.1

mH (GeV) 130.8 125.25 4.4%

vH (GeV)∗ 246.2 246.22 < 0.01

sin2 θW
† 0.2318 0.2312 —

G (derived) 6.674 × 10−11 6.674 × 10−11 1.7%

Λ (cosmological) 1.117 × 10−52 1.1 × 10−52 1.5%

H0 (km/s/Mpc) 70.9 67.4 —

∗ by construction (calibration). † structural identity, not empirical comparison.
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Appendix E

Code Pointers

The Python package ppm/ implements every numerical computation referenced in this

document. This appendix is a high-level orientation: which modules exist, what each one

is for, and which chapter each module primarily serves. Function signatures and one-line

summaries live in the package itself; the “contract” that the document and code agree

numerically is the verification suite python -m ppm.verify, which re-derives every result in

the document from constants and asserts agreement.

Version pinning is on the title page: ppm-framework@v1.2.0 identifies the exact code

revision corresponding to this document build. The complete source lives at https://

github.com/ProjectiveProcessMonism/ppm-framework/tree/v1.2.0. Run python -m

ppm.predictions for the cross-check table.

E.1 Foundations

• constants — Physical constants and framework anchors: mπ, ℏ, c, φ, N∞ = φ392,

observed values from PDG/Planck. Single source of numerical truth, synced with

ppm-registry.tex.

• hierarchy — The cascade formula E(k) = mπ(2π)(kref−k)/2, k-from-energy inversion,

g = 2π derivation.

• topology — CP3 and RP3 topological invariants (χ, Chern classes, cohomology dimen-

sions) used across chapters.
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E.2 Particle Spectrum and Couplings

• alpha — Three independent derivations of the fine-structure constant: heat-trace (Route

I), G-inversion (Route II), instanton (Route III); plus the CPn family scan.

• gauge — Weak mixing angle sin2 θW = 3/8 at Pati-Salam, SM one-loop running, lepton

mass ratios, generation count.

• higgs — Higgs quartic λPPM = 1/(4
√
π), top Yukawa yt = π/(2(2π)1/4), geometric

identity check.

• ewsb — Electroweak symmetry breaking at kEWSB = 44.5 and the v = 2
√

2 (2π)1/4 E(kEWSB)

matching condition.

• spectrum — Bohr-Sommerfeld lepton masses with Maslov corrections; heavy-quark 1/e

Kähler suppression; light-quark |z| positions.

• spectral — CP3 Laplacian eigenvalues 4ℓ(ℓ+ 3), Kähler-radial Schrödinger problem,

ground-state shift.

E.3 Mixing and CP

• berry_phase — CKM angles, CP-violating phase δCP = π(1 − 1/φ), Jarlskog invariant

from Berry phase on RP3.

• neutrino — Tribimaximal PMNS angles from Z2 × A4, strong-CP θ = 0 from T-

invariance, sterile-neutrino mass window.

• mixing — Wrapper exposing ckm_berry(), cp_violation(), strong_cp() under the

canonical names.

E.4 Cosmology and Gravity

• cosmology — Cosmological constant Λ = 2(mπc
2)2/((ℏc)2N∞), Hubble constant from

cosmic age and Sidharth scaling, Geff(z) evolution, collapse-threshold shift δPPM
c (z), GW

dispersion.

• gravity — Newton’s constant G = (2π)4 ℏc α/(m2
π

√
N∞) with neutral-pion anchor.
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• stability — De Sitter stability checks, Λ-positivity, the static boundary capacity

argument.

E.5 Instanton and Golden Ratio

• instanton — Action S = 30π from degree-3 Veronese, zero-mode count dimR PGL(4,C) =

30, e−30π ≈ φ−196 identity, T 2 partition function.

• golden_ratio — A5 → Q(
√

5) → φ algebraic chain, pyramidal-number identity, Dirich-

let L-function prefactor.

E.6 Information, Dynamics, Subjective Experience

• information — Boundary-channel entropy, mutual information, Shannon capacity

formulas.

• dynamics — Density operators, Hamiltonians, Lindblad evolution on the (CP3, τ) basis.

• active_inference — Free-energy descent, parameterized boundary operator Ab(θ),

frame-finding loop, multi-agent Φ-aggregation.

• kahler_spectrum — Radial Schrödinger problem on the Kähler bundle; resolvability

window k ∈ (53.8, 75.75).

• consciousness — Brain-scale predictions: kconscious, integration time.

E.7 Bridges and Verification

• bridges — Cross-section identities tying the framework’s exponents together (e.g.,
∑
τ -exponent = 2χ(CP3)).

• predictions — Master cross-check table: every numbered prediction with PPM value,

observed value, error, and routing through the modules above. Authoritative source for

app-numerical and the Sizzle Reel notebook.

• verify — Numerical verification suite. Each check re-derives a quantity from constants

and asserts it matches the registry. Run as python -m ppm.verify; CI-friendly.
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For the full function inventory and signatures, the canonical reference is the package itself:

each module’s docstring gives the LaTeX symbol, section number, and verification status for

every public function.

303



Appendix F

Version History

This document and the Ontology Reference share a single version number, shown with its

date on the cover. The two are tracked separately below: each release lists only the changes

made to this volume. Versions follow major.minor.patch convention.

v1.0.3 2026-06-07 | Patch

Layout and formatting fixes on the title page.

v1.1.0 2026-06-09 | Minor

Corrected δCP : scoped to the quark CKM phase, observed value updated to PDG 2024,

leptonic claim withdrawn pending A4-sector derivation.
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