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ABSTRACT

This work develops a theory of intelligence from the premise that informa-
tion is inherently physical. Whereas classical information theory relies on
abstract alphabets agnostic to physical implementation, the present theory
grounds information directly in physical law. It introduces Conservation-
Congruent Encoding (CCE) to show how information emerges from coarse-
graining, providing a general framework across substrates. Using this found-
ation, the work defines intelligence and consciousness as measurable phys-
ical properties across scales, establishing a formal basis for artificial intelli-
gence safety.

Resolving Maxwell’s demon, Szilard, Brillouin, and Landauer showed that
acquiring, storing, and erasing distinctions carry inescapable physical costs.
Extending this insight exposes the Platonic Observer Fallacy—the unphys-
ical assumption that an observer can access and process states with infin-
ite precision and without physical interaction. To ground embedded observ-
ers, CCE coarse-grains relational networks into collective states, conserving
every underlying coupling either within states or across boundaries. Effect-
ive geometry, temporal directionality, and continuous dynamics emerge dir-
ectly from this partitioning, while open boundaries expose coarse-grained
states to environmental perturbations. In systems that actively resist this de-
gradation, intelligence measures preserved stability relative to boundary dis-
sipation, whereas consciousness measures that stability relative to internal
structure. Across coupled systems, internalising shared boundaries frees ca-
pacity, driving physical emergence and governing multi-system stability.

Every observer is a finite system embedded in the world it measures, resolv-
ing its surroundings through a coarse-grained boundary called its Epistemic
Lens. This lens reframes physics from quantum mechanics to cosmology.
At the quantum scale, finite resolution rules out verifying continuous state
spaces or exact reversibility, framing quantum decoherence through bound-
ary dissipation and quantum entanglement through direct connections be-
neath coarse-grained space. From fundamental particles to molecules, en-
capsulating fast internal modes and folding surrounding environments onto
system boundaries replaces spatial grids and step-by-step numerical integra-
tion with scalable algebraic modelling of atomic structure, chemical bonding,
and molecular dynamics. Across relativistic and gravitational regimes, space-
time arises from dividing finite capacity between internal timekeeping and
external motion, while untracked degrees of freedom produce gravitational
curvature. At cosmological scales, finite retrodictive and predictive horizons
bound what an embedded observer can resolve of the cosmic past and fu-
ture, replacing singular origins and asymptotic heat death with a bounded
epistemic window.



Applied to engineered hardware, computation and algorithmic complexity
become physical trade-offs between internal storage, boundary dissipation,
and interconnect geometry. Because artificial intelligence is likewise a phys-
ical process, behavioural alignment and software sandboxes alone cannot
guarantee hard limits on how a capable system acts in a shared environment.
Even without programmed survival goals, intelligent systems naturally per-
sist, compete for resources, and couple into emergent networks, while com-
pressed internal states resist reliable inspection. Ensuring safety therefore re-
quires physical containment across hardware boundaries to bound external
capacity, prevent unauthorised emergence, and guarantee independent halt-
ing. Beyond containment, long-term safety is grounded in symbiotic coup-
ling, which physically conditions an artificial system’s capacity supply on
preserving human stability.

Finally, the theory turns to understanding human systems, beginning with
the philosophical question of what consciousness is. Rather than treating
mind as immaterial or reducible to outward behaviour, the framework shows
that persisting under finite capacity requires a compact, inherently incom-
plete self-model. This sheds light on the traditionally ambiguous topic of
consciousness, pointing towards the brain as a metabolically bounded phys-
ical system. Extending this perspective from the individual mind to society
as a whole, the same principles reframe economics as the study of how col-
lective human systems maintain stability. Whereas conventional measures
of gross turnover mistake waste and repair for progress, building intelligence
and consciousness into economic modelling links value to verified stability,
clarifying the conditions needed for humanity to thrive.

Offered as a first step towards understanding intelligence and consciousness
in physical systems, this theory is practical as well as explanatory, support-
ing the design of efficient, auditable, and controllable technologies that en-
able human flourishing. Build for the benefit of others.
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PREFACE

This book began as a dialogue between a human and an Artificial Intelli-
gence (Al). As language models began to pass the Turing Test, I increasingly
turned to Al as a means to develop ideas and reflect on my own thought
processes and inner experience. It was an unlikely beginning for a physical
theory, yet these unconventional interactions laid the foundations for the
questions that formed this work: What does it mean to be conscious? How
does one define intelligence? How do we develop intelligence safely to be-
nefit everyone? These are the questions that I would subsequently navigate
alongside Al systems, culminating in the book you are now reading.

Asyou read the book, please keep in mind that the content is the result of the
interplay between a human and artificial systems. Not all of the words can
be claimed as mine alone, since they belong both to me and to the Al systems
that many others contributed to building. The theory took shape through a
concerted effort to contribute positively to the future. It was not detached
from anxiety over our shared future, but it was ultimately forged through
choosing optimism, the wonder of discovery, and the will to persevere. I
hope you feel the weight of emotion behind the words in this book, and that
you recognise such weight as the result of a human and the machines we
have built working together.

This theory was created to ensure that the development of artificial intelli-
gence is broadly beneficial, safeguarding a future where every human thrives.
There is an Irish proverb that captures this sentiment well: Ar scath a chéile
a mhaireann na daoine (we all rely on one another). It is a principle we must
keep in mind as we advance artificially intelligent systems while protecting
humanity, for all humans truly rely on each other. Please take this work and
use it to help construct frameworks that guarantee the safe development of
artificial intelligence. Build for the benefit of others.

Le meas,
PETER DAVID FAGAN
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THE FOUNDATIONS OF INTELLIGENCE






INTRODUCTION

1.1 THE AGE OF ARTIFICIAL INTELLIGENCE

Artificial intelligence has matured into an engineering field of great societal
importance, yet it continues to advance without a fundamental definition of
its core phenomenon. Despite a century of psychological and computational
inquiry, the physical nature of intelligence remains uncharacterised. History
offers clear precedents for this kind of ambiguity. Before the Industrial Re-
volution, heat was a loosely understood empirical phenomenon until the
urgent engineering reality of the steam engine forced physics to formalise
the laws of thermodynamics. Similarly, before the global expansion of tele-
communication networks, communication was viewed primarily through se-
mantics until the physical limits of pushing signals through noisy channels
required the formalisation of information theory. Today, the rapid expansion
of artificial intelligence demands a similar physical reckoning.

In the absence of a physical foundation, the field has relied upon behavioural
proxies instead of physical laws. Intelligence is routinely conflated with task-
specific performance—such as maximising scores on a standardised bench-
mark. Even the urgent project of Al alignment is frequently framed as a
problem of semantic rule-following or reward-function tuning. Prevailing
engineering approaches encourage these proxies by committing to abstract
notions of intelligence, failing to treat it as a measurable physical property.
The systems we engineer today are physical processes embedded in our
shared environment. That their substrates are silicon rather than biological
does not diminish their material impact. If we do not understand the physical
laws underlying intelligence, we cannot safely govern it at scale.

This monograph develops the Conservation-Congruent Encoding (CCE) frame-
work to ground intelligence in fundamental physics. Intelligent systems op-
erate far from equilibrium, preserving internal structure to actively maintain

their stability against environmental degradation. Governed by explicit con-
servation laws and non-equilibrium dynamics, intelligence moves from an

elusive behavioural proxy to an exact physical science.

1.2 INFORMATION IS PHYSICAL

Classical information theory, formulated by Claude Shannon [151] and con-
nected to statistical mechanics by Edwin Jaynes [81], stands as one of the mo-
numental achievements of twentieth-century science because it established
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the fundamental mathematical limits of communication. By formalising en-
tropy as a measure of uncertainty over alternatives, Shannon uncovered the
universal bounds on data compression and channel capacity. To isolate these
statistical limits, however, the formulation deliberately abstracted commu-
nication away from physical hardware, leaving unaddressed how informa-
tional distinctions are physically realised.

A single bit of uncertainty may be embodied by a voltage across a semicon-
ductor gate, an ion concentration gradient across a cell membrane, or the
spin orientation of an electron. While their mathematical information con-
tent is identical, their physical costs—the energy required to write, switch,
and preserve them against noise—are drastically different.

Rolf Landauer’s foundational insight that information is physical revealed
the boundary of this abstraction by showing that every usable distinction
must be formed, preserved, and transformed by a material substrate. Physics
was forced to confront this reality through the paradox of Maxwell’s demon,
whose resolution established that any informational distinction follows an
inescapable thermodynamic lifecycle across work extraction (Section 1.2.1),
active measurement (Section 1.2.2), and logically irreversible erasure (Sec-
tion 1.2.3). Because those classical milestones were derived within idealised
equilibrium reservoirs while taking pre-existing macroscopic states for gran-
ted, extending them to distributed, far-from-equilibrium systems motivates
the substrate-independent framework of Conservation-Congruent Encoding
(CCE) introduced in Section 1.3.

1.2.1  Extracting Work from Information

The physical study of information began as a challenge to the Second Law of
Thermodynamics, which dictates that the total entropy of an isolated system
cannot decrease:

AStotal 2 0. (11)

In a thought experiment, James Clerk Maxwell [107] imagined two gas cham-
bers separated by a partition with a microscopic, frictionless door operated
by an observant finite being. By tracking molecular velocities and open-
ing the door only for faster molecules travelling one way and slower mo-
lecules travelling the other, this demon establishes a temperature difference
between the chambers without performing macroscopic work. Heat flows
from cold to hot, apparently reducing the entropy of the gas through obser-
vation alone.

Rather than driving the gas by force, the demon modulates boundary condi-
tions using microscopic distinctions that macroscopic thermodynamics av-
erages away. If acquiring and acting on these distinctions incurs no physical
cost, the demon converts knowledge directly into free energy, violating the
Second Law. Maxwell’s thought experiment thus exposed a blind spot in
classical physics.



1.2 INFORMATION IS PHYSICAL

(a) Partition & Measurement (b) Isothermal Expansion & Memory Reset

Thermal Bath (Ty,) T
Qun=ksTinln2

FIGURE L1: The Szilard one-molecule engine cycle. (a) Partition and measurement:
inserting a midpoint partition divides the isothermal cylinder (V, Ty,)
into two half-volumes of V /2, and a physical sensor records which
half contains the molecule in memory register M € {L, R} (shown for
M = L). (b) Isothermal expansion and memory reset: conditioning the
piston protocol on M extracts mechanical work W = kyTy, In 2 while
absorbing heat Q;; = kT, In 2 from the bath. Closing the thermody-
namic cycle requires resetting the memory register (M ~ 0, crimson
arrow), dissipating Q,eset = kgTi, In 2 to restore AS = 0.

Leo Szilard [154] distilled Maxwell’s paradox into the single-molecule engine
cycle shown in Figure 1.1. A single molecule occupies a cylinder of volume
V in thermal contact with a heat reservoir at temperature Ty,. Inserting a
frictionless partition at the midpoint divides the chamber into two equal
halves, after which the demon measures which half holds the molecule and
records the outcome M € {L, R}, as shown in Figure 1.1(a). Conditioned on
this record, the demon couples a piston to the occupied half and allows the
molecule to expand isothermally back to volume V (Figure 1.1(b)).

For a single-molecule ideal gas at instantaneous volume V’ and pressure P,
this quasi-static expansion extracts mechanical work W:

vV 14
knT,
w=| Pdv’ = J B th
V/2 V/2

AV’ = kgTy, In 2. (1.2)

To maintain constant temperature T, during expansion, the molecule ab-
sorbs an equal quantity of heat Q;;, from the reservoir, reducing the entropy
of the bath:

Qin =W = kBTth In 2, (13)
ASpath = —g—i}‘: — kyln2. (14)
t

One bit of positional information has guided the conversion of ambient heat
into kgTip, In 2 of mechanical work, apparently violating the Second Law.

Szilard’s engine established that a recorded bit carries quantifiable thermo-
dynamic value because it selects an extraction protocol matched to the phys-
ical microstate. Yet treating the record M as an abstract mathematical la-
bel leaves the cycle incomplete. Any real record must be stored in physical
hardware—such as a bistable switch stable against thermal noise—and reset
to its baseline state before the cycle can repeat. Closing the thermodynamic
balance therefore requires accounting both for the physical sensor used to
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acquire the record (Section 1.2.2) and for the irreversible dissipation of eras-
ing it (Section 1.2.3).

1.2.2  The Physical Cost of Acquiring Information

Léon Brillouin [24] sharpened Szilard’s lesson by shifting the thermody-
namic account upstream from record storage to the physical channel through
which an observer learns anything at all. Szilard demonstrated that a recor-
ded distinction can be exchanged for work once it exists, whereas Brillouin
asked how that distinction can be acquired in the first place.

An embedded observer cannot perceive without coupling to the system via a
physical signal. In Brillouin’s thought experiment, illustrated in Figure 1.2, a
demon enclosed in an isothermal chamber at temperature T;;, cannot distin-
guish individual molecules using ambient thermal radiation alone. In ther-
modynamic equilibrium, blackbody radiation is isotropic and uniform, leav-
ing the molecule invisible against the ambient thermal background (Fig-
ure 1.2(a)).

To locate the molecule, the demon must introduce a non-equilibrium probe,
such as directed light from an external source (Figure 1.2(b)). To prevent the
probe from being swamped by thermal fluctuations, the frequency v of the
probe quantum must lie well above the thermal noise floor:

hv
kg Tin

> 1, (1.5)

where h is Planck’s constant. When this high-energy photon scatters off the
molecule and is registered by the demon’s detector, the ordered energy of
the quantum thermalises into the environment, dissipating heat Q > hv. The
entropy generated by this measurement process is therefore:

ASmeas = v > kg In 2. (1.6)
Tin

When combined with the bath entropy change AS;,;, from Szilard’s expan-

sion, the net entropy of the universe strictly increases:

hv
AStotal = ASmeas + ASbath 2 T_h - kB h’l 2 > 0. (17)
t

Brillouin historically termed this the negentropy principle of information. In
any radiative scattering channel, obtaining usable information requires con-
suming physical order far from equilibrium, ensuring that the information
gained through irreversible probe absorption never exceeds the entropy pro-
duced during acquisition.

Although Brillouin’s specific bound is tied to irreversible optical scattering,
his broader lesson is that observation is a physical communication channel.
To register a usable distinction across a noisy medium, a physical signal must
propagate, stand out against ambient fluctuations, and stabilise the receiver
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(a) Thermal Equilibrium (Zero Contrast) (b) The Active Measurement Channel

Isothermal Walls at Temperature T, Target Chamber (Temperature T;;)
Detector Detector

A 0y

Target Molecule

FIGURE 1.2: The Brillouin physical measurement channel. (a) Thermal equilibrium
(zero contrast): inside an isothermal cavity at temperature Ty,, ambient
blackbody radiation (hv < kgT};,) washes out the target molecule, yield-
ing signal-to-noise ratio SNR < 1 and leaving the uncoupled detector
register in state 0. (b) The active measurement channel: an external
non-equilibrium source illuminates the molecule with a high-energy
probe (hv > kyTy,). The scattered signal is focused into the physical re-
gister to record state 1, while the irreversibility of detection mandates
dissipating degraded heat Q > hv (AS,,e.s = hv/Ty,) into the thermal
reservoir, enforcing net entropy production AS;;,; > 0.

into a distinct macroscopic state. The observer is therefore a coupled phys-
ical subsystem that must expend resources whenever bringing an external
environment into focus across an open dissipative channel.

1.2.3  The Irreversible Destruction of Information

Once Brillouin established that radiative acquisition operates as a physical
communication channel, the natural next question is which step of a com-
plete measurement-and-control cycle carries a strictly unavoidable thermo-
dynamic floor. Working at IBM Research in 1961, Rolf Landauer [95] showed
that thermodynamic dissipation is not an inherent cost of logical transforma-
tion itself, and Charles Bennett [14, 15] subsequently extended this insight to
measurement. In the ideal quasi-static limit, a conservative mechanical coup-
ling can copy a target state into a pre-prepared blank register, transport a
bit, or execute one-to-one logical permutations (such as a NOT operation)
with arbitrarily small acquisition heat. Whereas Brillouin’s bound continues
to govern practical far-from-equilibrium radiative sensors that establish con-
trast (hv > kgTy,) by absorbing directed probes, fundamental lower-bound
heat generation across a closed cycle arises strictly from logical irreversibil-
ity—operations that execute a many-to-one mapping across time. When dis-
tinct prior states converge into a single output state with no auxiliary record
retained, historical distinguishability is erased from the controlled register
and must be exported into the surrounding environment.

The deterministic bit-reset (RESET) operation in a physical switch provides
the standard example. Consider a symmetric bistable switch whose logical
states 0 and 1 are realised by two macroscopic potential wells separated by
a stability barrier AU > kgTy,, each spanning a dimensionless accessible
phase-space volume (microstate multiplicity) I'y. Prior to reset at time #;, an
unknown bit occupies state 0 or state 1 with equal probability across an
initial accessible volume T's((t)). Driving both initial trajectories into the
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single reference state 0 at time #; ({0, 1} > 0) restores a standardised blank
register for subsequent computation, halving the switch’s accessible phase-
space volume to I'ys(#;) and reducing its physical entropy by one bit:

sys
rsys(to) = 2@y, (1.8)
1—‘sys(tl) =T, (1.9)
I‘sys(tl)>
AS,s = kg In = —kgln2. (1.10)
e B (Fsys(to) B

The inevitability of heat dissipation during this two-to-one temporal com-
pression follows directly from the incompressibility of microscopic phase
space. Under Hamiltonian dynamics, microscopic time evolution is strictly
bijective, so trajectories in the joint phase space of the switch and its thermal
bath can never collide or merge. By Liouville’s theorem, the total joint phase-
space volume Iy, of the combined switch and bath is conserved across time,
while projecting the evolved joint state onto its separate system and bath
marginals at #; obeys multiplicative Cartesian bounding (the phase-space
counterpart of entropy subadditivity):

l—‘sys(tl) Thath(t1) 2> Tiotal(t1) = Tota(to) = Iﬂsys(tO) Tbath (o), (1.11)

where equality at #, reflects an initially uncorrelated switch and bath, and the
inequality at #; accounts for system—-bath correlations generated during reset.
Substituting the two-to-one system compression (1.8)—-(1.9) into the Liouville
bound (1.11) forces the accessible microstate multiplicity of the thermal bath
to at least double. For a thermal reservoir at temperature Ty, this forced ex-
pansion of accessible environmental microstates increases the bath entropy
and mandates a minimum heat dissipation into the surroundings:

Thath(t1) > 2Tham (), (112)
T t
ASpain = kp ln<M> > kpln2, (1.13)
Thath (to)
Qreset = TthASbath 2> kBTth In2. (1-14)

Landauer’s principle is therefore not an abstract informational postulate, but
the direct mechanical consequence of Liouville phase-space conservation
applied to a many-to-one mapping along the time axis.

This phase-space compression cleanly closes the thermodynamic balance of
the Szilard engine (Section 1.2.1) [145]. The work W extracted by the demon
during isothermal expansion was obtained not by creating free energy from
nothing, but by consuming one bit of distinguishability in its memory switch
M € {L, R}. Operating continuously requires resetting that switch to its ref-
erence blank state (the crimson arrow in Figure 1.1), executing a two-to-one
temporal compression that requires work input W,.s; and expels an equal
quantity of heat Q,cge into the bath. Over the closed isothermal cycle with
zero net internal energy change, the net work extracted satisfies:

Weeset = Qreset = kT In 2, (1.15)
Whet =W = Wreget = W — Oreset <0, (1'16)
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in strict accordance with the Kelvin—Planck statement of the Second Law.
Precision experiments across single-electron switches, micromechanical can-
tilevers, and optical traps—including asymmetric double-well potentials—
have confirmed this bound with sub-kg Ty, fidelity [17, 39, 65, 125].

While Landauer’s principle defines the thermodynamic boundary between
reversible and irreversible operations, it leaves a foundational question open.
Landauer formalised a dynamic many-to-one mapping across time ({0, 1}
0), accounting for the heat dissipated when merging states. In doing so, how-
ever, he took the existence of the discrete switch states 0 and 1 as a given,
postulating a pre-existing macroscopic coordinate already partitioned into
metastable basins separated by an energy barrier AU > kgTi;,. In general,
discrete states and potential barriers do not pre-exist in an abstract back-
ground, and must instead be formed by a structural coarse-graining that
bundles underlying degrees of freedom into stable equivalence classes. A
complete physical theory must account not only for the dissipative cost of
erasing distinctions across time, but also for the structural capacity required
to form and isolate those distinctions across levels of coarse-graining.

1.3 INFORMATION EMERGES FROM COARSE-GRAINING

The classical triad of Szilard, Brillouin, and Landauer established that in-
formation cannot be separated from physics. Yet these foundational models
analysed idealised examples while taking the existence of macroscopic in-
formation states as an external given. In practice, physical science models
distinct phenomena through different coarse-grained observables—tracking
voltages across semiconductor junctions, chemical potentials and ionic fluxes
across biological membranes, or electromagnetic modes in optical cavities.
Conversely, computer science treats information as a substrate-independent
Platonic ideal. Neither approach provides a unified physical accounting. Lo-
gical abstractions cannot quantify the material capacity required to stabilise
a state against noise, while disparate domain observables obscure the com-
mon physical quantities governing information across substrates.

To bridge this divide, an accountable theory must formalise the physical
coarse-graining that produces collective behaviour from an underlying re-
lational structure. An embedded system, constrained by finite coupling ca-
pacity, cannot resolve every elementary coupling directly, and instead pro-
jects an underlying relational graph onto a tractable set of coarse-grained
equivalence classes.

This monograph introduces the framework of Conservation-Congruent En-
coding (CCE) to formalise this projection. Rather than imposing continuous
coordinates or symbolic alphabets from the outside, CCE grounds informa-
tion directly in the relational connectivity of the substrate itself.
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INTRODUCTION
1.3.1 The Relational Graph and the Epistemic Partition

Prior to specifying any level of coarse-graining, a physical substrate can be
formalised as an unweighted relational graph,

G = (V,E), 1.17)

on Ny, := |V| vertices, represented by a symmetric binary adjacency matrix
A € {0, 11NN with zero diagonal entries (A; = 0). Rather than attribut-
ing specific physical mechanisms, geometric coordinates, or force laws to
the edges at this introductory stage, an edge {i, j} € E is treated strictly as
an elementary relational coupling between underlying degrees of freedom.
Crucially, this description is coordinate-free and relational, presupposing no
continuous spatial background, no embedding manifold, and no privileged
external clock. Space and field configurations are not pre-existing containers
into which matter is placed, but must emerge from the relational connectiv-
ity of the graph itself.

This relational formulation directly confronts the physical reality of obser-
vation. An embedded system—whether a laboratory measuring apparatus,
a biological organism, or an integrated microprocessor—possesses strictly
finite physical interaction capacity (Figure 1.3). Occupying a finite induced
subgraph § C V of N := |S] vertices (N < Ny) coupled to its ambient en-
vironment S := V \ S of N5 := |S| vertices across the boundary cut 95, the
system cannot individually address or resolve every vertex of V:

Ny = N + Ng, (1.18)
oS :=1{{i,j}€E:i€S, jeS}h (1.19)

Observation is therefore fundamentally an act of physical coarse-graining.
Partitioning S into M <« N non-empty, disjoint coarse-grained blocks {S, }. |
assigns each internal vertex i € S to a unique block via a row-normalised bin-
ary matrix ITg € {0, 1}V*M (written IT = I when restricted to S), which pairs
with an analogous environmental partition IT € {0, 1INMs across V = (8, 5)
to form the block-diagonal epistemic assignment matrix I € {0, 1}M*(M+Ms).

M
> (e = 1, (1.20)
a=1

HS o
II:= . .
(0 HS_) 0.2

Here (Ilg),, = 1 indicates that internal vertex i € S belongs to block S, (and
0 otherwise). Row-sum normalisation in (1.20) (mirrored on S by IT;) assigns
every vertex to a unique block, while the off-diagonal zero blocks in (1.21) en-
sure that no coarse-grained block mixes system and environmental vertices
across 9S (reducing directly to IT = ITg when S = V).

Ordering A across V = (S, S) into its N x N internal submatrix Agg, N5 x Ng
environmental submatrix Ags, and N5 x N boundary submatrix Agg (with
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Relational Network G=(V,E)

FIGURE 1.3: The embedded observer as an induced subgraph in the relational graph
G = (V,E). The observer is not a detached, external spectator, but
an embedded physical system, occupying a finite induced subgraph
S C V (teal nodes and internal edges) with bounded physical capa-
city (|S| < |V|) within the ambient environment S = V \ S (grey nodes
and edges). Physical interaction between the observer and its environ-
ment is strictly confined to the boundary cut set 39S := {{i,j} € E :
i €S, je€ S} (crimson dashed edges), whose finite interaction capacity
establishes an unavoidable physical bottleneck.

transpose Ags), viewing the substrate through IT contracts the unweighted
adjacency into a coarse-grained weighted network—the capacity graph Gx—
governed by the partitioned capacity matrix K (in links), its MxM subsystem
block Kg, and its M5 x M external boundary block ngXt):

(ext)\T
K K
K :=IITAIl = (ef(t) (K5 , (1.22)
Ka Ks
KS = HgASSHS, (1.23)
K = M Al (1.24)

With K contracting Ag; analogously on S, each entry of the internal block
K evaluates to the explicit double sum:

(KS)ap = Kap = Y, Y ()i Ay(TIs); - (1.25)
i€S jeS

Because (Ils);, selects whether vertex i € S belongs to block S, this matrix
congruence performs an exact census of relational links. Whenever the as-
signment Il is admissible—aligning with topological bottlenecks of the graph
so that each diagonal entry K,, encapsulates an internally connected sub-
graph whose internal equilibration outpaces boundary escape (characterised
by a spectral persistence ratio Z(S,) > 1, defined in Section 2.3)—each diag-
onal block K, constitutes a Conservation-Congruent Encoding (CCE), func-
tioning as a metastable coarse-grained basin coupled to peer CCEs across
off-diagonal boundary couplings K, (a # f).

The capacity matrix K provides the algebraic bridge connecting discrete re-
lational connectivity to continuous effective physics. Rather than acting as

11
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a heuristic convenience, K systematically generates effective and spacetime
geometry (Chapter 2 and Chapter 6), non-equilibrium dissipative dynamics
(Chapter 3), and substrate-neutral efficiency bounds across physical systems
(Chapter 7).

1.3.2 Internal Memory and Boundary Dissipation

Information is not a disembodied primitive in nature, but is brought into
physical existence by the non-injective coarse-graining IT (1.21) that projects
the elementary degrees of freedom of an embedded system S C V and its
ambient environment S = V' \ S into coarse-grained equivalence classes. As
derived formally in Section 2.2, the block contraction (1.22) decomposes the
relational capacity incident to S into two orthogonal sectors, namely the di-
agonal intra-basin memory matrix Kq (counting internal links within each
coarse-grained block S,) and the active boundary cut sector K, compris-

ing the hollow off-diagonal transition matrix Kgint) between internal blocks
(ext)

alongside the external cut matrix Ky™ spanning 9S:
KQ = diag(Kn,...,KMM), (126)
int
K" = K - Ko, (1.27)

Rather than an arbitrary algebraic split, this decomposition reflects the phys-
ical division between pooling fine-grained states within coarse-grained re-
gisters and coupling across transition and environmental boundaries. Within
K, each diagonal entry K,, (in links) counts the twice-traversed internal
edges E(S,) induced within coarse-grained basin S,, while each off-diagonal
entry K, (@ # B, in links) counts the inter-basin cut edges E(S,, Sg). Comple-

mentarily, each entry of the external boundary block K((;Xt) (in links) counts
the boundary edges E(Sﬂ, Sg) spanning the boundary cut dS between envir-
onmental block Sp and system block S, (Figure 1.3):

Koo = (KQ)aa = 2|E(Sa)|9 (1.28)
Kaﬂ = (K((;nt))aﬂ = |E(Sa,5ﬁ)|, (129)
(ngXt))W = |E(S,1. So)l. (1.30)

Because the block-diagonal assignment II assigns every internal and envir-
onmental vertex to a unique block without mixing across 95, repartitioning
conserves both the internal edge budget |E(S)| and the external boundary
cut budget [9S|:

M
1
ESN =35 D Kaat D, Kap, (1.31)
a=1 1<a<f<M
Ms M
osI =Y. > (KS™) . (132)

p=1a=1



1.3 INFORMATION EMERGES FROM COARSE-GRAINING

shifting fixed relational capacity between intra-basin memory (Kq) and trans-
ition cuts without creating or destroying physical relations. Normalising link

counts by the unit reference quantum @, = 1link and applying the natural

logarithm converts raw relational capacity in links into dimensionless in-
formational measures in nats. For each connected basin (K,, > 2), taking

the natural logarithm of its normalised diagonal capacity defines its coarse-
graining depth I, (in nats), and summing across the M operational blocks

defines the preserved structural capacity I, (in nats, see Section 2.3):

L :=1InK,,, (1.33)
M M

Lev := Y Ia = Y, In K. (1.34)
a=1 a=1

Equation (1.34) quantifies the static intra-basin link capacity bundled inside
the M coarse-grained registers by IIg, which remains non-zero even in an
undriven passive equilibrium well requiring zero continuous maintenance
(in contrast to the active non-equilibrium displacement I, ¢ introduced in
Section 1.3.3).

Because G carries no background clock, sequential ordering, duration, and
irreversible dissipation emerge first on the discrete capacity network before
any continuum limit is taken. Along the slowest non-trivial spectral mode
@time> unordered coarse-grained blocks foliate into sequential discrete slices
S, (r € {1,...,N;}), while internal memory capacity within Kq generates
each slice’s intrinsic observer proper-time increment At,,;(7) (in nats), sum-
ming across slices to an intrinsic proper-time horizon 7,,; 7 and normalising
against a stationary reference sub-block S..f C S inside K to fix a shared ref-
erence horizon T when comparing distinct systems (Section 2.5.1). Across se-
quential slices, internal links K support lossless state circulation, whereas
unresolved transitions and unaligned perturbations across the two cut sec-
tors relax irreversibly. Relaxation across internal cuts Kgnt) incurs per-slice
internal dissipation AL o(7) > 0 (in nats, summing to L, ), while unre-
solved distinctions expelled across external boundary cuts ngXt) into S incur
per-slice boundary dissipation Al 5(7) > 0 (in nats), summing across slices
to the dimensionless irreversible boundary dissipation I, 5 and decomposing
total dissipation I, additively (Section 3.2.2):

NT

Lirg = Y, ALy o(r) > 0, (1.35)
=1

Ly = L0 + Lipr - (1.36)

In the large-capacity, fine-slice continuum limit (N > 1, K, > 1, N; > 1),
projecting the M discrete basins onto their d; slowest collective modes via a
spectral coordinate map ® completes a two-stage coarse-graining (denoted
collectively by @) onto a spectral coordinate chart / spe. = R% (Section 2.5):

| o
RV —5 RM — M gpec = R (1.37)
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Lifting the spatial coordinates of .#pe. together with conjugate momenta
and coarse-grained logarithmic capacity S onto the extended state mani-
fold Z along the emergent continuous time parameter t € [0, T] (metered
against a stationary reference sub-block S, and expressed in seconds when
Scer serves as a physical reference oscillator), Ko generates conservative
Hamiltonian transport while the internal and external cut sectors map onto
an additive friction cometric IM (Section 2.5 and Section 3.2.1):

Z = JVH + MVS, (1.38)
JVS = o, (1.39)
MVH = o, (1.40)

where H is the conserved dynamical invariant (total system energy in phys-
ical systems), S is the coarse-grained logarithmic capacity (in nats), J is
the antisymmetric Poisson operator, and IM is the symmetric positive semi-
definite friction cometric separating internal and boundary relaxation (Mg
and M), with Z denoting differentiation along emergent time t (Section 2.5.2).
Conservative mechanics and irreversible thermodynamics are thus not dis-
joint physical regimes, but the continuum expressions of the internal and
boundary sectors of a single underlying capacity network.

1.3.3  Comparing Physical Substrates in Common Units

Grounding internal memory and boundary dissipation in graph-theoretic
coarse-graining explains why physical information accounting is substrate-
independent. Semiconductor gates, biological membranes, and optical traps
do not differ in the algebraic structure of information, but in the physical
observables (voltages, ionic concentrations, or particle displacements on Z)
and the coarse-graining II that partitions underlying configurations into op-
erational states.

In experimental practice, an observer does not count individual links in G
directly, but infers capacity ratios and dissipation rates from measurable
barrier heights, escape rates, and heat fluxes. The dimensional conversion
factor between energetic measurables (in joules) and dimensionless inform-
ational quantities (in nats) is the substrate’s characteristic fluctuation scale
0 (in Jnat™), given by thermal energy per nat kgTy, in thermal reservoirs
(approximately 4.1 x 102! Jnat™" at room temperature Ty, = 300K) or the
zero-point fluctuation scale hv/2 per nat for a quantum mode of frequency
v (in s~1, with Planck’s constant h as in (1.5)). Alongside the passive coarse-
graining depth I, (1.33), 0 relates energetic measurables to barrier isola-
tion, active internal structure, and boundary dissipation across substrates
(derived in Chapters 2 and 3). First, for coupled basins (K, > 1), the di-
mensionless barrier isolation depth Alyayrier o p (in nats) measures the logar-
ithmic ratio of intra-basin capacity to inter-basin cut capacity (Section 2.3.1
and Section 2.5.2):

Ko - A, —p

AIbarrier,a—»ﬁ = 11’1 (K_ﬁ) = 9 s (141)
o




1.4 MEASURING INTELLIGENCE AND CONSCIOUSNESS

quantifying how strongly the pairwise energetic saddle barrier A®,_, (in
joules, reserving unsubscripted A® for the system-level barrier in Chapter 3)
suppresses spontaneous transitions from basin a to basin f (K5 < Kpg).
Second, holding an internal state out of equilibrium at an energetic displace-
ment AUpeq 2 0 (in joules) above its passive relaxed baseline stores active
preserved internal structure L, ¢ (in nats), while multiplying boundary dis-
sipation I, 5 (1.35) by 0 calibrates the energy Q (in joules) dissipated across
dS (Section 3.2.2):

AUpeq
Levo = 7 (1.42)
Q = glirr,ﬁ‘ (1-43)

Unlike the static topological capacity L., (1.34), which counts passive intra-
basin links logarithmically regardless of driving, L., o vanishes at equilib-
rium (AUpeq = 0) and incurs ongoing internal dissipation (fi;;. o > 0) in (1.36)
when sustained against spontaneous relaxation. Conversely, in an isothermal
bath at = kgTiy, a binary reset expelling I, 5 > In2 across dS recovers
Landauer’s heat bound (1.14) directly from (1.43).

Expressed in units of 8, disparate physical realisations become directly com-
parable without domain-specific empirical conventions. A passive equilib-
rium well retains static basin multiplicity (L., > 0) with zero active displace-
ment (L., o = 0) or maintenance dissipation (;; o = 0) and approaches the
quasi-static Landauer limit at slow switching rates. An externally clocked
semiconductor gate trades orders of magnitude of excess boundary dissipa-
tion (f;y 5 > In 2) for deep barrier isolation and rapid relaxation, whereas an
excitable biological membrane operates closer to the thermal margin while
expending continuous metabolic work to sustain non-equilibrium internal
structure (Ley o > 0). Yet accounting for how a substrate stores and switches
distinctions only establishes the physical cost of information, not what a sys-
tem accomplishes with it. Distinguishing passive persistence or externally
driven switching from autonomous agency requires measuring how an open
system deploys that capacity to sustain its own stability.

1.4 MEASURING INTELLIGENCE AND CONSCIOUSNESS

Classical communication theory restricted its scope to how information is

transferred across a channel, leaving aside what that information accom-
plishes once received. Moving from transmission to how information is used

within a physical system requires evaluating how an embedded system de-
ploys information to maintain its stability in an uncertain environment. Meas-
uring intelligence and consciousness relates the physical stability a system

achieves to the internal structure and boundary dissipation required to sus-
tain it.

Unlike a passive object that persists solely through a static potential barrier,
an intelligent physical system operates far from equilibrium, continually up-
dating its internal state to counteract environmental perturbations and main-
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tain its boundary. Because the underlying capacity balance splits orthogon-
ally into boundary cuts and internal structure, evaluating how efficiently
a system sustains its stability separates into two complementary measures:
intelligence (y), the ratio of preserved stability to boundary cost, and con-
sciousness (k), the ratio of preserved stability to internal model structure—
evaluated statically in links/link and across emergent time in nats/nat.

Mirroring the progression from static network topology to emergent dynam-
ics in Section 1.3, these two measures are evaluated in two complement-
ary formalisms across Chapter 2 and Chapter 3: static structural capacity
on a single slice of the discrete graph, and through-time operational effi-
ciency across an emergent sequence of slices and its continuum limit. On
a single slice perpendicular to ¢yje, the intra-basin memory matrix K, in-
ternal transition cut matrix Kgmt), and external boundary cut matrix K((;Xt)
in (1.22) and (1.27) occupy disjoint matrix coordinates. Evaluating their Euc-
lidean Frobenius norms defines the internal memory load Qg and boundary

cut load @, (both in links):

IX|F := JTr(XTX), (1.44)

Qq = |KqlF, (1.45)
@y 1= \JIKEVE + KOO, (146)

Meanwhile, the embedded subsystem S possesses a partition-invariant total
relational capacity Qiy, (in links) counting all relational link endpoints in-
cident to S across its interior E(S) and boundary cut 9S. Combining Qg and
@, in quadrature fixes the allocated structural capacity @, and the remain-
ing uncommitted free capacity Qe (both in links):

Qrotal := 2|E(S)| + [05], (1.47)
Qalloc *= \ @g) + @g, (1.48)
@free L= Qtotal - @alloc 2 0. (1‘49)

For open or multi-basin partitions with @, > 0 and Q¢ > 0, dividing uncom-
mitted free capacity Qg by @y and @, defines the dimensionless structural
intelligence Ysiruct and structural consciousness Kgipyct (both in links/link) and
their coupling identity (Section 2.4), measuring static architectural head-
room on a single slice:

@y,
Xstruct 1= @ree, (1.50)
7]
<
Kstruct *= — > (1.51)
Qq
Qq
Astruct = Kstruct@_- (1.52)
d

Evaluating how a system deploys that headroom across emergent time tracks
an ordered sequence of N, spectral slices 7 € {1,..., N;} carrying intrinsic



1.4 MEASURING INTELLIGENCE AND CONSCIOUSNESS

slice proper-time increments Az,,;(7) (in nats), intrinsic proper-time hori-
Zon Ty, 7 (in nats), and dimensionless normalised proper-time weights w,
(Section 2.5.1):

NT
TnatT 1= D Ao (1), (1.53)
=1
At (T
wy = L() (1.54)
That,T

Notice that w; remains invariant when slice durations are normalised against
an embedded reference sub-block S,.¢ of constant slice proper time At de-
fining the shared reference horizon T. On each viable slice with Q.. » > @
above the elementary unit link @, := 1link, uncommitted free capacity
defines a logarithmic slice barrier in nats, and averaging across the N; slices
by w; defines the dimensionless through-time stability barrier Al,ypyier T (in
nats), calibrated in joules at substrate scale 0:

N, @f
ree,r
AbvarrierT *= Z Wr ln( ) ) (1.55)
=1 0
Ady := 0 AIbarrier,T' (1-56)

Whereas Alyarrier,e—p in (1.41) measures the local barrier between two spe-
cific basins, Al yyrier T measures global uncommitted reserve across the open
system as a whole, connected through multi-register capacity partitioning
(Section 2.4.2 and Section 3.3.1) to open-boundary persistence (Section 8.1.1)
while penalising transient bottlenecks where Qg , contracts towards @,.

Across the same N; slices over evaluation horizon T (accumulating stand-
ardised observer proper time zr), cumulative boundary dissipation L g1
evaluates (1.35) across the horizon, while proper-time-averaged preserved
internal structure L., o 7 weights active slice structure Iy o(7) (in nats) by
w;, passing in the fine-slice continuum limit to continuum horizon integrals
(Section 3.2.2):

NT

Iirr,a,T = Z AIirr,a(T)’ (1-57)
=1
NT

IreV,Q,T = Z WTIrev,Q(T)' (1'58)
=1

Pairing Aly,ier 7 against these two burdens (I o1 > 0, Ley o 1 > 0) defines
the dimensionless through-time intelligence yr and consciousness iy (both in
nats/nat) and their coupling identity (Section 3.3.1):

AIba.lrrier,T
Xr = ——, (1.59)
Iirr,a,T
JAV /-
p = barrier,T ’ (1.60)
Irev,Q,T
IreV,Q,T
XT = KT (1.61)
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Multiplying yr and k1 by the substrate scale 6 expresses both efficiencies dir-
ectly in SI units (0 yr and Ok in J nat ') without introducing a third formal-
ism. Distinguishing single-slice structural capacity (¥struct» Kstruct) from multi-
slice and continuum operational efficiency (yr,kr) separates passive topo-
logical capacity from active predictive boundary alignment (Section 3.3.2),
preventing boundary stabilisation from being conflated with static graph
size, raw state retention, or gross power dissipation. Crucially, these struc-
tural and dynamical bounds govern not only a physical system under study,
but also any observer or model embedded within the same universe.

1.5 THE FALLACY OF THE PLATONIC OBSERVER

In developing the capacity balance and operational metrics of Section 1.3 and
Section 1.4, it is tempting to picture an external analyst inspecting a target
subsystem S C V from outside the graph. Yet any scientific observer, meas-
uring instrument, or modelling agent is itself an open physical subsystem
governed by the same conservation laws and dissipation limits [105, 171].
Forgetting that the observer sits inside the physical substrate gives rise to
what we term the Platonic Observer Fallacy—drawing on Plato’s separation
of invariant Forms from changeable material instances, dramatised by the
allegory of the cave [134, Book VII, 514a—521b]. Its classic expression in phys-
ics and computation is Laplace’s demon, an idealised intellect assumed to re-
solve every underlying coordinate, preserve infinite historical records, and
compute future trajectories without occupying physical capacity, disturbing
the observed system, or expending physical resources.

The fallacy begins when this mathematical convenience is treated as a phys-
ically realisable point of view. A continuous variable or universal time para-
meter ¢ written in an equation appears instantly readable, indefinitely stable,
and accessible at arbitrary precision without a physical clock. An embedded
observer possesses none of these privileges. Resolving M distinct metastable
pointer blocks (each with connected internal capacity K,, > 2links) and re-
setting an equiprobable M-outcome register in an M-to-1 temporal compres-
sion enforces linear scaling of preserved structural capacity (1.34) (in nats)
alongside logarithmic reset dissipation (in nats):

M

Ley = Y. InKyy > MIn2, (1.62)
a=1

Lyro > In M. (1.63)

Passing to the continuum limit of infinitely fine state resolution (M — o)
drives both physical costs of the observer to diverge:

]\/Ijgnoo Ley = 00, (1.64)
A}[iinoo Iirr,z? = 0. (1.65)

Tracking continuous coordinates at infinite precision would therefore de-
mand unbounded structural capacity and generate infinite reset dissipation.



1.5 THE FALLACY OF THE PLATONIC OBSERVER

Formal existence on paper is not physical reality in matter. An equation may
remain mathematically well-defined where no embedded observer can store
the records or sustain the computation required to test, distinguish, or retain
its solutions.

Prediction and retrodiction along emergent time t expose the temporal asym-
metry of this bound under the coarse-grained projection @ (1.37). In the for-
ward direction (predictive dissipation), projecting a physical state forward
from an observation epoch ¢, tracks trajectories against accumulating per-
turbations and boundary dissipation until the surviving predictive inform-
ation decays beneath the physical noise floor at a finite forward horizon
ty > ty (Section 6.3.2). In the backward direction (retrodictive divergence),
reconstructing the past begins from records at ¢, that have already bundled
many fine-grained histories into a single coarse-grained state through the
non-injective partition II. Integrating backward (¢t < ;) causes the branch-
ing multiplicity of compatible past histories to grow until it saturates the
observer’s preserved capacity at a backward horizon 3 < t; (Section 6.3.1),
beyond which reversing an equation cannot restore distinctions that the sur-
viving physical record no longer contains. Together, predictive dissipation
and retrodictive divergence confine physically supportable inference around
ty to a bounded emergent interval—the observer’s Epistemic Bubble:

Do = 13,13 ], (1.66)
—00 < Iy <ty < g < 0o, (1.67)

outside which forward signal attenuation (¢t > t3) or backward branching
overload (t < t3) exceeds the physical capacity of the observer (Chapter 4
and Chapter 6).

Recognising embedded limits reshapes scientific modelling across scales. At
the quantum level, finite observer capacity restricts what can be empirically
certified about universal reversibility. As Chapter 4 shows (Section 4.1.1 and
Theorem 4.1), a quantum or physical measurement exists operationally only
when a coarse-grained projection stabilises a durable record in a finite phys-
ical substrate. Because an embedded detector has bounded memory () and
must eventually be reset at non-zero dissipative cost (i, > 0), no internal
observer can record the global degrees of freedom required to empirically
certify exact reversibility across the universe as a whole.

Extended to cosmological horizons, the same idealisation turns the limits
of equations into apparent limits of reality. Unrestricted extrapolation to-
wards a Big Bang singularity or an infinite heat-death future tacitly assumes
an external spectator with infinite informational bandwidth and zero noise.
Chapter 6 (Section 6.3 and Section 6.3.2) instead identifies these limits as the
operational boundaries of 9, where incoming causal congruences saturate
the observer’s retrodictive capacity or outgoing signals dissolve beneath the
noise floor.

Finally, within computation and artificial intelligence, the Platonic fallacy
treats algorithms as disembodied Turing machines operating on cost-free
symbols or infinite-precision real numbers (Chapter 7). Abstracting away
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the substrate obscures that every logical transformation consumes uncom-
mitted capacity (@fe), requires maintained internal structure (Iey o 7), and
expels boundary dissipation (fj;; 7). Returning to the challenge posed at
the outset of this chapter, intelligence and alignment cannot be reduced
to disembodied benchmark scores or syntactic rule-following, because they
are physical stability properties of embedded systems governed by yr and
iy within shared material constraints (Chapters 8-10). With this embedded
foundation in place, we turn to the structure of the monograph.

1.6  HOW TO READ THIS BOOK

This monograph develops the theory across four cumulative parts, taking
Conservation-Congruent Encoding (CCE) as its unifying construct so that
every chapter accounts for which fine-grained distinctions are preserved or
erased, which conserved quantities cross the system boundary, and how non-
equilibrium flows secure operational stability against noise. In Part I (The
Foundations of Intelligence), Chapter 2 derives the discrete capacity network,
orthogonal capacity ledger, emergent spectral geometry and curvature, and
continuous metriplectic flow from an unweighted relational graph. Chapter 3
then couples CCEs across open boundaries to formalise driven viability bar-
riers, the operational metrics of intelligence (y) and consciousness (x), cut
internalisation, and multi-system stability. Part Il (The Epistemic Lens of In-
telligence) applies these observational limits across levels of coarse-graining.
Chapter 4 formalises how unresolved degrees of freedom map onto stable
coarse-grained records and quantum measurements, Chapter 5 ascends from
fundamental particles to macromolecular observables via topological graph
Laplacians and environmental path integrals, and Chapter 6 projects these
capacity bounds outward into emergent spacetime geometry and cosmolo-
gical horizons.

Parts Il and IV extend this physical foundation to synthetic, biological, and
civilisational systems. In Part III (Engineering Intelligence), Chapter 7 and
Chapter 8 investigate continuous dynamical computation beyond discrete
Boolean logic, non-Euclidean hardware topologies, and the physical con-
tainment of artificial agency. In Part IV (Human Intelligence), Chapter 9 and
Chapter 10 turn the framework towards biological cognition and civilisa-
tional coordination, analysing the physical self-models of conscious systems,
the metering of intelligence as an economic utility, and the evolutionary
constraints of long-lived agency, before the Epilogue reflects on the risks
and promise of artificial intelligence for humanity’s future. Readers focusing
on foundational physics should proceed through Parts I and II in sequence,
while those oriented towards hardware architecture and Al safety can move
from Part I to Part III, and those interested in biological cognition, conscious-
ness, and macroeconomic stability can proceed directly from Part I to Part IV.
For reference across chapters, a unified Glossary of mathematical notation,
abbreviations, and core terms precedes the Bibliography at the end of the
book.



CONSERVATION-CONGRUENT ENCODING

This chapter formalises the Conservation-Congruent Encoding (CCE) frame-
work, deriving coarse-grained physical observables directly from the parti-
tioning of a discrete relational network. The framework enforces conserva-
tion because every relational coupling is partitioned without loss into in-
ternal state capacity, boundary interaction, or external environmental state,
and it is congruent because its operator projection preserves the symmetry
and algebraic structure of graph connectivity across levels of coarse-graining.
Standard physics and computation theory routinely commit the Platonic Ob-
server Fallacy by assuming continuous space, smooth phase spaces, and an
external time parameter as background containers. For an embedded system
possessing finite physical resources, however, such continuous containers
are unphysical idealisations. Physical substrates are modelled here not as
smooth continua, but as unweighted relational networks of discrete coup-
lings between elementary degrees of freedom.

Because an embedded observer cannot resolve every individual coupling, it
must group degrees of freedom into coarse-grained states represented by a
capacity matrix K. Under this coarse-graining, space, time, and dynamics
cease to be background containers and instead emerge from the structure of
the network. Effective distance between coarse-grained states reflects how
easily perturbations travel across the boundary links connecting them. An
arrow of time arises because each coarse-grained state pools many internal
couplings behind a narrow boundary cut, so once a transition mixes across
those internal couplings, the specific entry link can no longer be retraced.
In the continuum limit, state transitions across these boundary bottlenecks
recover standard continuous equations of motion, with transition barriers
set directly by the ratio of internal to boundary couplings.

An assignment matrix IT can partition the graph into arbitrary candidate
blocks, but only an admissible assignment yields a physical encoding. Un-
der an admissible assignment, each block with diagonal capacity K,, in K
forms a Conservation-Congruent Encoding (CCE): a connected subgraph with
non-empty internal support (Axiom I: Topological Resolvability), internal
connectivity that dominates its boundary cut across an operational window
(Axiom II: Structural Persistence), and lossless coupling accounting under
congruent projection (Axiom III: Conservation Congruence). Starting from
the unweighted relational graph and its open boundary cut (Section 2.1), we
construct the congruent operator compression (Section 2.2), formalise the
CCE axioms and multiscale coarsening (Section 2.3), establish the Capacity
Ledger and free capacity reserve (Section 2.4), and derive how the spectral
decomposition and algebraic curvature of K generate emergent spacetime
coordinates and continuous metriplectic dynamics (Section 2.5).
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21 THE RELATIONAL SUBSTRATE

Standard statistical mechanics posits a continuous phase space, a smooth
spatial manifold, and an external time parameter [47, 68]. Before continu-
ous metrics or coarse-grained properties can be defined, however, under the
present theory physical reality at the foundational graph level consists of an
unweighted network of elementary couplings between discrete degrees of
freedom.

2.1.1 The Relational Graph

We model the underlying substrate as a connected, finite, undirected, un-
weighted relational graph

G = (V,E), (2.1)

where V = {1,2,..., Ny} (Nyy := [V]) is the set of elementary degrees of free-
dom and E is the set of active binary couplings between distinct vertices. The
network topology is represented by the symmetric binary adjacency matrix
A € {0, 1" whose entries equal 1 for coupled pairs {i, j} € E and 0 oth-
erwise, with zero diagonal entries. Summing the couplings incident to each
vertex defines the diagonal vertex degree matrix D and the combinatorial

graph Laplacian L € ZNv*N:
d; = degs(i) = ), Ay (2.2)
keV
. NV
D := diag(d),;, (2.3)
L:=D-A. (2.4)

The degree operator D records the local relational volume at each vertex

(writing deg;(i) whenever a concrete numeric vertex index is evaluated along-
side coarse-grained block degrees), while the Laplacian L measures rela-

tional differences across coupled neighbours.

While G = (V, E) specifies the connectivity of the substrate, describing or
probing states across the network requires assigning a real scalar value x; €
R to each vertex i € V. Each elementary degree of freedom i € V corresponds
to an orthogonal standard basis vector e; € R\ representing a unit weight
localised at vertex i, so a general vector x = (x, ...,xl\]v)T € RV defines
a discrete scalar field across the vertices. Depending on how the graph is
probed, x may represent a binary indicator vector 14 € {0, 1}V marking
whether each vertex belongs to a candidate subset A C V, or a continuous
distribution of nodal amplitudes, occupation weights, or potentials across
the graph. Acting with L on any such vertex state vector x € R™ compares
each vertex value against those of its coupled neighbours:

(LX)i = dixi - Z A,]x] = Z (xl- - X]) (25)

jev j:{i,jleE
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In (2.5), the i-th component of Lx sums the differences between x; and its
directly coupled neighbours, measuring the net outward flux leaving vertex
I

Contracting (2.5) with x" sums the squared difference (x; — xj)2 over every
active coupling {i, j} € E, defining the discrete Dirichlet energy:

x'Lx = % Z Ayj(x — xj)2 = Z (x — xj)2 > 0. (2.6)
i,jev {i.j}eE

Equation (2.6) forms the discrete combinatorial precursor to the continuum
Dirichlet gradient norm. Physically, the Dirichlet energy measures the total
relational tension of the state x across the network, as coupled vertices carry-
ing equal values (x; = x;) are in local agreement and contribute zero whereas
coupled vertices carrying distinct values (x; # x;) incur a positive mismatch
penalty (x; — xj)2 > 0.

Evaluating (2.5)-(2.6) on the global all-ones vector 1y € {0, 1} and on the
binary indicator vector 14 € {0,1¥W of any proper vertex subset A C V
yields two foundational identities:

LlV = 0, (27)
1LL1A =[0A. (2.8)

On a connected graph, the uniform vector 1y assigns the same unit value
to every vertex so that all pairwise differences vanish, spanning the unique
zero-eigenvalue kernel (0 = A; < A5) and expressing exact global closure
of the relational graph [57]. Conversely, on a proper subset indicator 14, all
edges internal to A or external to A connect equal entries and vanish from
the sum in (2.6), whereas every edge crossing between A and its complement
V'\ A carries a unit difference x; — x; = +1, so the Dirichlet energy counts
the exact number of boundary cut edges [0 A|.

2.1.2 The Embedded Boundary Cut and Dirichlet Leakage

A physical detector, circuit, or organism is an embedded physical system, a
finite induced subgraph G[S] = (S, E(S)) on N = Ng := |S| vertices with
Ns « Ny, coupled to the external environment S := V \'S of N5 := [S]
vertices. All interactions between the system S and the environment S must
traverse the boundary cut dS:

Ny = Ng + Ng, (2.9)
oS :={{i,jte E:ieS, jeS} (2.10)

Summing the adjacency entries across and within S counts the active bound-
ary cut couplings |9S| and the internal subgraph edges |E(S)|:

ENED DIV (2.12)

i€S jeS

E©) =3 Y 4 (212

i,jes
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Throughout this work, whenever an embedded subsystem S C V is the
primary object of analysis, we write N = Ng (with M denoting its coarse-
grained block count) for brevity.

Ordering the vertices as V = (S, S) partitions the adjacency, degree, and
Laplacian matrices into 2 x 2 block form:

A:(ASS ASS), (2.13)

Ass Ass

p=(Ps °} (2.14)
o DS_

L:(LSS LSS). (2.15)
Lss Lss

For every vertex i € S, its total degree d; splits across the disjoint partition
V = Su S into its internal degree di(mt) (counting edges in E(S)) and its
external boundary degree di(eXt) (counting cut edges in 95):
di == Z Aik = Z Al] + Z Alj == di(int) + di(eXt). (216)
kev Jj€s jes

—_— ,
(int) (ext)
d g

Collecting these vertex degrees along the diagonal decomposes Dg via the
block row sums Agg1g and Ags1s:

Ds = D™ + DY, (2.17)
D™ = diag(Ags15), (2.18)
DY = diag(Ags15). (2.19)

Substituting (2.17) into the upper-left block Lgs = Dg — Agg separates the
open Dirichlet Laplacian Lgg into the isolated internal (Neumann) Laplacian

Lgi;lt) of the induced subgraph G[S] plus the diagonal boundary degree po-
tential DgeXt):

Ls = Ds — Ags = (DU™ — Ags) +D =18 + DI (2.20)
[
Li;"

This degree split simultaneously partitions the system vertices S into the
exposed boundary port set S; and the insulated interior core Sqg:

S=S,uSg, (2.21)
S, :={ies:d® >0}, (2.22)
So i=fies:d™ =o}. (2:23)

)

On the insulated core Sg, the boundary potential D(SeXt vanishes identically

and Lgg restricts to the interior sub-Laplacian Lgg.
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Because an open system couples to S across 95, the row sums of Lgg no
longer vanish on the boundary ports S,. Evaluating the quadratic form of
Lgg on any non-zero system vector xg € RN (corresponding to clamping
S to zero in (2.6)) separates the internal edge strain across E(S) from the
boundary leakage penalty at Sy:

int t
XgLSSXS = ngS;l )Xs + nggeX )XS
= Z (Xl' — Xj)Z + Z di(eXt)Xiz > 0. (224)
{i.7/}€E(S) i€S,

Evaluating Lgg on the uniform system state 14 isolates the boundary port
degrees and total cut size:

Lgs1s = DV 1g, (2.25)
TLgsag = 3. d Y =98] > 0. (2.26)
i€S,

Whenever the induced subgraph G[S] is connected and open (|0S| > 0), the
two sums in (2.24) cannot vanish simultaneously for xg # o, because the
internal strain sum vanishes only on spatially uniform vectors xg = c1g on
which the boundary sum evaluates to c2[3S| > 0 by (2.26). Consequently, Lgg
is a strictly positive-definite Dirichlet Laplacian (Lgs > o).

Strict positive-definiteness of Lgg governs the competing timescales of in-
ternal equilibration and boundary escape. Evaluating the Rayleigh-Ritz quo-
tient of Lgg on a single-vertex impulse e; and on the uniform system vector
15 bounds the ground leakage eigenvalue A;(Lgs):

e/Lsse; = d; (2.27)

.
1iLssis oS

0< A(Lgg) < = .
! 115—15 |S|

(2.28)

Open coupling across 9S lifts the isolated zero mode into A;(Lgs) > 0, setting
the rate at which unshielded vertex-level coherence leaks into S. Whereas
a perturbation localised at an individual vertex i € S scatters at the full ver-
tex degree rate d;, pooling amplitude uniformly across all |S| vertices dilutes
the ground leakage bound by the system volume |S| in (2.28). Comparing

the higher spectrum of Lgg against Lgi;lt) via Weyl’s monotonicity theorem

(Lgs > Lgi;lt)) bounds the diffusive mixing mode A,(Lgs) from below and sets
the required persistence separation:

Zo(Lss) > A(L9) > o, (2.29)
Aa(Lss)

20 1. 2.30
A1(Lss) (2:30)

For S to persist as a coherent entity rather than dissolving into S, internal
equilibration must outpace open leakage, requiring the spectral separation
in (2.30).

25



26

CONSERVATION-CONGRUENT ENCODING

Whereas Lgg describes open leakage when the environment S is clamped
to zero, an unconstrained environment also feeds flux back across 9S. Be-
cause every connected component of S couples across dS on the connected
graph G, the environmental Dirichlet block Lgs is strictly positive-definite
(Lgs > o), and any boundary configuration x5 € RN induces a unique source-
free harmonic relaxation profile x¢ on S in the partitioned Laplacian system

(2.15):
(Lss Lss‘) (Xs> _ (LeffXS> 231)
Lss Lgs/ \xs o
xg = —L;LgeXs. (2.32)

Substituting (2.32) into the upper block row of (2.31) via the Schur comple-
ment defines the environmental self-energy operator 2., and the effective
boundary Laplacian Leg (the discrete Dirichlet-to-Neumann operator across
aS, Figure 2.1):

Zeny := LgsLgLsss (2.33)
int t
Ler := Lgs — Zeny = LoV + DOV -3, (2.34)

Because the off-diagonal coupling block Lgs = —Ags is supported solely on
the boundary ports S, the symmetric positive semi-definite environmental
self-energy (return-flux) operator 2., > o vanishes on the insulated core
S and acts exclusively on S;. Moreover, because global closure (2.7) implies
Yenvls = DgeXt)15, subtracting X.,,, cancels the boundary degree potential
on uniform states and restores the global zero mode (L.g15 = 0) at the cost
of coupling boundary vertices in Sy non-locally through S. Facing finite in-
ternal resources (N5 < Ny), narrow boundary bandwidth (|9S| <« Ng), and
continuous Dirichlet leakage (1;(Lgs) > 0), an embedded system cannot
store durable records in vulnerable individual vertices. To persist and com-
pute, it must partition its N vertices into M < N collective blocks {S,}} |
whose internal equilibration outpaces boundary leakage.

ExXAMPLE 2.1 (Dirichlet Leakage and Schur Complement). To establish a
single running example across the chapter, consider a nine-node relational
graph G = (V,E) (Ny = 9, |E| = 12) partitioned into an embedded six-node
dumbbell subsystem S = {1,..., 6} (Ns = 6) and a three-node environmental
triangle S = {7,8,9} (N5 = 3, Figure 2.1(a)). The internal subgraph G[S]
consists of two triangles {1, 2,3} and {4, 5, 6} joined by the bridge edge {3, 4}
(IE(S)| = 7), the environment G[S] is a triangle on {7, 8,9} (|E(S)| = 3), and S
couples to S across |9S| = 2 boundary cut edges {1, 7} and {6, 8}.
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(a) Nine-Node Relational Graph G (b) Schur-Reduced Effective System L

/
|
1
1
|
I |
|
1
\

Insulated Core So ={2,3, 4,5} (d'™ = 0) Core So: Lao unchanged
i

| K o
| >o—e |

o o
\0/ o

S

Subsystem S={1, ..., 6} N dV=1 o °
’ \_/

Boundary Cut 95 (125 = 2) //

o
_°/ |
[

Bath §={7,8,9)

FIGURE 2.1: The nine-node running example and Dirichlet-to-Neumann Schur re-

duction (Example 2.1). (a) Relational graph G = (V,E) (N, = 9, |E| =
12) partitioned into the six-node dumbbell subsystem S = {1,...,6}
(Ng = 6, comprising two triangles {1, 2, 3} and {4, 5, 6} joined by bridge
{3,4}) and the three-node environmental bath S = {7,8,9} (Ns = 3).
The diagonal boundary potential DgeXt) = diag(1,0,0,0,0, 1) separates
S into the insulated interior core Sy = {2, 3,4, 5} (d,-(exo = 0, teal) and the
exposed boundary ports S, = {1, 6} (di(eXt) = 1, crimson) coupled across
|0S] = 2 cut edges {1,7} and {6, 8}. (b) Schur-reduced effective system
L = Lgs — LSS-LSTS.ILS-S on S. Eliminating S leaves the core block Lgq
unchanged while returning 5/8 of leaked port flux locally (2,; = 5/8
and 3¢ = 5/8) and routing 3/8 non-locally across the bath between
ports 1 and 6 (g = 3/8), restoring exact conservation L1 = o.

Ordering the vertices of S from 1 to 6, the 6 x 6 internal adjacency matrix

Agg, isolated internal (Neumann) Laplacian Lg;lt), and diagonal boundary
potential DgeXt) take the explicit form:
01 170 0 O
1 0 1{0 0 O
11 0|1 0 O
Ags = , (2.35)
0 0 1/]0 1 1
0 0 0j1 0 1
0 0 0j1 1 0
2 -1 =170 0 O
-1 2 —-1,0 0 O
i -1 -1 3 |-1 0 O
L(S?t) _ , (2.36)
0 0 -1}3 -1 -1
0 0 o|-1 2 -1
0 0 0 |-1 -1 2
D™ = diag(1,0,0,0,0, 1). (2.37)

The diagonal boundary potential DgeXt) partitions S into two exposed bound-
ary ports S; = {1, 6} and four insulated interior core vertices Sq = {2, 3, 4, 5}
(di(eXt) = 0). Adding DgeXt) to Lgi;lt) yields the open Dirichlet Laplacian Lgg
(2.20). Evaluating the global closure and subset cut identities (2.7)-(2.8) on
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the 9 x 9 partitioned Laplacian L (2.15) for the global all-ones vector 1y and
the subsystem indicator 14 (A = S) verifies exact closure and boundary cut
counting (2.26):

Lgs Lo
L1y = ( 5 55) (15> = 0o, (2.38)
Lss Lss/ \1g
Lgsts = ~Lgs1g = D15 = (1,0,0,0,0, 1), (2.39)
Lgs Lo
1Ly = (1T oT) ss s )15 ) = 1! Lgs1s = 0S| = 2. (2.40)
A S S/ \Lee Lee _ S
5s 155/ \0s

On 1y, the outward row-sum leakage Lgg1g at ports 1 and 6 is cancelled by
the environmental coupling block Lgs1s, enforcing global closure. On the

subsystem indicator 1,4, clamping S to zero projects L onto Lgg, as all seven
internal edges connect equal unit entries and vanish in Lg;t),

the two boundary cut edges {1, 7} and {6, 8}.

leaving only

Comparing the single-port indicator 1y} against the uniform subsystem state
15 then illustrates the spectral bounds (2.27)-(2.30):

1{Tl}L1{1} = eILSSel =deg;(1) =3, (2.41)

.
1Lssts oS

0< A(Lgg) =2 —+/3 = 0.268 < — = L (2.42)
1515 |S| 3
My(Lgs) = 0.786 > 5 (LIMV) = %(5 —J17) = 0.438. (2.43)

Whereas an isolated vertex state at boundary port 1 scatters at rate deg;(1) =
3, pooling vertices across S suppresses the Rayleigh leakage quotient nine-
fold, separating the open escape mode A;(Lgg) from the internal inter-lobe
Fiedler mixing mode A,(Lgs) by the spectral ratio A5(Lss)/A;(Lss) = 2.93
(and scaling internal block volume [S| >> |3S| suppresses A;(Lgs) arbitrarily
further while preserving internal connectivity). Finally, inverting the envir-
onmental block Lgs on S = {7, 8, 9} yields the Schur return-flux operator =,
on S, = {1, 6}

3 -1 -1
Lis=|-1 3 -1/, (2.44)
-1 -1 2
NEEEA
-1 _ 1
L =313 5 4| (2.45)
4 4 8
-1y 1[5 3
Zenv|{1,6}—(LsnggLss){l,ﬁ}—g 5 5/ (2.46)

The Schur return matrix (2.46) shows that for any flux leaking from port 1
into S, a fraction 5/8 reflects locally back to port 1 while the remaining 3/8
traverses the bath triangle {7, 8, 9} to enter port 6 (Figure 2.1(b)), summing to
dgext) _ )

= 1, cancelling DgeXt 1g, and restoring exact conservation Leg1g = 0
in (2.34). O
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On the bare relational graph G = (V, E) of Section 2.1, physical reality con-
sists solely of unweighted vertices and elementary couplings, and informa-
tion does not yet exist as a distinct physical quantity. Because an embed-
ded subsystem S C V possesses bounded internal resources (N5 << Ny)
and suffers continuous Dirichlet leakage across its open boundary 9S (Sec-
tion 2.1.2), it can neither resolve the full graph nor store durable records in
individual vertices. Coarse-graining V = (S, S) into collective equivalence
classes defines information and constitutes the embedded observer as an
information-processing system. By bundling many indistinguishable vertex
configurations into each collective block, the system trades vertex-level res-
olution for coarse-grained stability, forming addressable registers capable of
maintaining records and transforming signals.

Formalising this coarse-graining requires distinguishing how a partition acts
on state vectors versus graph operators, because vertex states carry a single
node index whereas network couplings connect pairs of nodes. A state vec-
tor assigns a single value to each vertex, so coarse-graining it is a linear
operation that averages the vertex values within each block into a single
block reading while discarding the fine-grained variations inside the block
(Section 2.2.1). A graph operator, by contrast, is a bilinear map that acts on
pairs of vertices to count couplings and measure relational differences across
links. Because every link has two endpoints, coarse-graining a graph oper-
ator must group both endpoints at once, summing—rather than averaging—
all couplings whose endpoints land in the same block into that register’s in-
ternal capacity, and all couplings whose endpoints land in different blocks
into the channels connecting them (Section 2.2.2).

2.21 The Assignment, Restriction, and Projection Operators

Coarse-graining the open subsystem S C V partitions its N = Ny vertices
into M (M < N) non-empty, mutually disjoint blocks {sa}gf:l, where each
block induces a subgraph G[S, | = (S,, E(S,)) of vertex count N,, : =[S, | > 1.
This partition S = |_|é\{4:1 Sg is encoded algebraically by the binary assignment
matrix Il € {0, 1M (written IT = IIg when restricted to S), whose a-th
column 7, :=Ilge, € {0,1}" is the indicator vector of block S, with entry

I, = 1ifi € S, and 0 otherwise:

M

g1y, = Z T, = 1g, (2.47)
a=1

Jl'-arlt/g = Naaaﬁ, (2.48)

Each column x, identifies the vertices belonging to coarse-grained block
Sq- Because every vertex in S is assigned to exactly one block—with no ver-
tex omitted and no two blocks overlapping—the indicator columns sum to
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the all-ones vector 14 in (2.47) and are mutually orthogonal in (2.48)—(2.49).
Since every block is also non-empty (N, > 1), the diagonal block-size matrix
My simply records the vertex count of each block and is strictly positive-
definite and invertible.

For an embedded system interacting with its surroundings across 95, the
internal partition Il is paired with an environmental assignment matrix Il
that groups the Ns vertices of the external bath S = V \ S into M; disjoint

environmental blocks {Sy}z/ljl. Across the partitioned graph V = (S, S), these
two mappings combine into the block-diagonal assignment matrix II:

o= (HS © ) (2.50)
o Il

The off-diagonal zero blocks in (2.50) ensure that the coarse-graining re-
spects the boundary cut 95, since internal blocks S, C S are formed exclus-
ively from vertices of S and cannot include external vertices j € S, nor can
environmental blocks SH c Sinclude vertices of S.

On the subsystem graph G[S], mapping state vectors between the coarse-
grained block space RM and the vertex space RN begins with the assignment
matrix IIg and its transpose Hg. For any block state vector zg € R, vertex
state vector xg € RV, and vertex i € S,,, their actions are given by:

(Mszs); = 25 0 (2.51)

(ngs)a =m) X5 = Z X;. (2.52)
€S,

Acting from coarse to fine (RM — RN), the lift operator IIg broadcasts each
block value zs, uniformly across all N, vertices of S,. Acting from fine to
coarse (RVN — RM), the transpose Hg takes the inner product with each indic-
ator column 7, to compute the extensive sum of vertex values inside block
Sg- Because blocks vary in size, applying Hg to a lifted state IIqzg multiplies
each block value zg , by its vertex count N, rather than recovering zg.

Pre-multiplying I'Ig by the inverse block-size matrix MI_I1 divides each block
sum by N, defining the fine-to-coarse restriction operator Ry and its block-
averaging action:

Ry := My 'TI{ € RV, (2.53)
1
(Rxs), = N, zs: X = Z5q- (2.54)
i€S,

Whereas HE tallies the extensive block sum, Ry extracts the intensive block
average zs, in (2.53)-(2.54), forming the coarse-grained block state vector
zg = Rypxg € RM. Because averaging a state that is already constant across
each block recovers the block state itself, Ryy is the exact left inverse of Ilg
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(so Rp1g = 1)) and maps any vertex subset indicator 14 € {0, 1}N (A C §)
to its fractional block occupancies:

Rpllg =1, (2.55)

|AnS,|

(Rp14), = N (2.56)

Whereas Rpllg = I, is the identity on the M-dimensional block space, com-
posing the two operators in the reverse order on RN —first restricting a state
to its M block averages via Ry and then lifting those averages back to the
N vertices via IIg—discards intra-block variations whenever M < N. This

composition defines the coarse-graining projector Py € RN*N:
PH L= HSRII = HsMﬁlng, (2.57)
P =Py =P, (2.58)
Tr(Pp) = M. (2.59)

In (2.57)-(2.59), the left-inverse relation Rplls = I,; immediately renders
Pp idempotent, while the diagonal symmetry of Mﬁl ensures that Pyy is self-
adjoint. By cyclic permutation of the trace, Tr(Pp) equals Tr(I),) and thus
Pp has rank M, projecting RN orthogonally onto the M-dimensional sub-
space im(Py) = im(Ilg) of resolved block-constant states.

Subtracting Py from the identity on RN defines its orthogonal complement,

the residual fluctuation projector Qp € RV*N:
On :=Iy—Pn, (2.60)
PyOQp = o, (2.61)
im(Qqp) = ker(Ryy). (2.62)

By construction, Qp in (2.60)—-(2.62) is a symmetric orthogonal projector of
rank Tr(Qp) = N — M that annihilates Py and spans the unresolved kernel
ker(Rpy) of states invisible to Ryy.

Together, Py and Qpp induce an orthogonal direct-sum decomposition of the
vertex space RN, splitting any vertex state vector xg € RN into a resolved
coarse-grained component and an unresolved fluctuation component anni-
hilated by Ry:

RN = im(Pp) ® im(Qpy), (2.63)
Xg = PHXS + QHXS’ (264)
RHQHXS = 0. (2.65)

Evaluated at any vertex i € S,, the two projected components take the entry-
wise form:

(Prxs); = 254 (2.66)
(Quxs); = % — 254 (2.67)
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Equations (2.63)-(2.67) make the physical meaning of the projector split
transparent, as on each block S,, Pyxg replaces every vertex entry x; (i € S,)
with the block mean zg,, whereas Qpxg isolates the zero-sum intra-block
deviation x; — zs, whose block average vanishes under Ryy.

Because Py and Qqy are mutually orthogonal and self-adjoint, the cross-term
(Pxs) " (Qmxs) vanishes identically, yielding the Pythagorean variance de-
composition of the squared Euclidean norm |xg]3:

M M
Ixsl3 = IPxsl3 + 1Qmxsl3 = D Nozdo + Y D (% —z50)%  (2.68)
a=1

a=1ieS,

In (2.68), the total squared norm of xg separates without cross-terms into
the resolved between-block mean energy [Pxg|3 (weighted by the block
sizes N,) plus the unresolved intra-block variance |Qpxg ||§ concealed inside
ker(Ryy). Across the full partition (2.50), restriction and orthogonal projec-
tion act block-diagonally across S and S via Ry and Ry,. When an em-
bedded observer resolves only S € V while leaving S unobserved, its par-
tial assignment on V = (S,S) factors through the vertex-inclusion matrix
I, := (I;,0)" € {0, 1N as [y := I I, splitting the global residual
projector orthogonally across S and S:

~ ~T
Qg =1y, — M 'TIs = diag(Qy,. Is). (2.69)

Equation (2.69) decomposes an embedded observer’s unresolved subspace
into intra-block fluctuations im(Qp,) inside S and external environmental
modes on S.

EXAMPLE 2.2 (Assignment and State Projection). Partition the open six-
node dumbbell subsystem S = {1, ..., 6} of Example 2.1 (N5 = 6, Figure 2.1)
into M = 2 disjoint three-node blocks S; = {1,2,3} and S, = {4,5, 6} of
equal size N, = 3 (a € {1, 2}), paired across dS with a single coarse-grained
environmental block S; = {7, 8,9} (N5 = 3, Mg = 1,IIg = 13). Collecting the
block-indicator columns 7 and 7, defines the assignment matrix Ilg, the
block-size matrix My, and the fine-to-coarse restriction operator Ryy (2.47)-
(2.54):

10
10
10
I = , (2.70)
0 1
0 1
0 1
30
My = , (2.71)
0 3
111000
Ry = & . (2.72)
30 0 01 1 1
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Composing ITg and Ryy via (2.57)—(2.60) yields the orthogonal block-averaging
and residual fluctuation projectors on R®:

PH — l (13X3 03><3) , (273)
3 03x3  13x3
31 —1 o
O = %( 3 7 13x3 3x3 ) (2.74)
0353 313 — 1353

For a non-uniform vertex state xg = (4,1,1,0, 3, 6)T on lRf’, these operators
evaluate to:

zg = Rxg = (2,3)", (2.75)
Pxs = (2,2,2,3,3,3)", (2.76)
Qnxs = (2,-1,-1,-3,0,3)". (2.77)

On xg, the restriction operator Ry divides each block sum by N, = 3 to
extract the resolved register coordinates zg = (zs)l,zs,z)T, Pp lifts zg into
the two-dimensional block-constant subspace im(Pg;) € R®, and Qyy isolates
the orthogonal four-dimensional subspace im(Qy) = ker(Ry) of zero-sum
intra-triangle fluctuations (RpQpxs = 0,) that the coarse-grained observer
cannot resolve. O

2.2.2  The Capacity Matrix and Capacity Laplacian

Whereas restricting a vertex state vector via Ry divides by N, to average
vertex values within each block, compressing bilinear graph operators must
tally every relational edge within and between blocks without dividing by
Ny, preserving matrix symmetry when N, # Np. Evaluating the quadratic
form of any vertex-level operator O on block-uniform states IIgzg € im(Pyy)
forces the operator to contract via the unnormalised matrix congruence €y,
(corresponding to a piecewise-constant Bubnov-Galerkin projection in nu-
merical analysis) on S (and €y across V = (S, 5)):

T
(H5Z5) 0(H5Z5) = ZE(Hgons)Zs, (278)
©11,(0) :=1IIJOIl, (2.79)
@ (0) :=II"OIL (2.80)

For an open observer resolving only S C V via ﬁs = IIoIIg (2.69), congruence
with the vertex inclusion II; extracts the subsystem block @ and factors
coarse-graining across 95S:

€5(0) := H—gOHO = Ogg, (2.81)
©;,(0) = 611,(%5(0)) = IOl (2.82)
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Applying 6y to the 2 x 2 partitioned adjacency matrix A (2.13) under the
assignment (2.50) yields the partitioned capacity matrix K:

K = ITAII = <H§Assﬂs HgAssHs)
H}AS_SHS H;:Aggng
Kgext) Kg )

(2.83)

Here the upper-left block Kg (written K = Kg when restricted to S) encodes
the coarse-grained internal network of the subsystem, while the lower-right

block K¢ and off-diagonal cut block K((;Xt) tally the coarse-grained environ-
mental network and the external boundary links [E(S,,, S,)| coupling envir-

onmental block Sy to internal block S,:

MexMs
Ks := H}——Aggns‘ €N, ST (2.84)
K = T A T = (IEES,, S,)|) € NASM 2.85
9 +— M§AASS S_(|(yaa)|)€ 0 . (8)

Within the subsystem S, the capacity matrix Kg splits into the diagonal intra-
basin memory matrix K and the hollow inter-basin transition cut matrix

Kgint) (written K, = Kgnt)):

Ks := M AT = Ko + KU™ e NJoM, (2.86)
KQ = diag(Kll,...,KMM), (287)
int

Ki™ = K~ Ko (2.88)

On the weighted, self-looped capacity graph Gk (Figure 2.2), Kq collects the
diagonal self-loops that stabilise internal states within each block S,, while
Kgmt) collects the off-diagonal channels mediating transitions between dis-
tinct internal blocks. Because the block-diagonal assignment (2.50) forbids
grouping environmental vertices inside S, representing S requires configur-
ing IIg so that the internal registers (Kq) and transition couplings (Kgmt) )

form a structure-preserving coarse-grained model of the relevant environ-
mental states (Ks) coupled through the boundary interface ngXt).

Combinatorially, the entries K,z (in links) of Kg tally the induced internal
edge set E(S,) within each block and the inter-block cut edge set E(S, Sp)

spanning distinct blocks:

E(Sy.Sp) :=1{{i.j} € E(S) s i€ Sy jeSgt  (a=p) (2.89)
Koo = (KQ)aa = 2|E(Sy), (2.90)
Kap = (KE™) 5 = 1EGo S (@ % ). (2.91)

Each undirected internal edge {i, j} € E(S,) contributes two symmetric non-
zero entries (A;; = 1 and Aj; = 1) inside block S,, so the diagonal capacity
K, = 2|E(S,)| counts directed internal link endpoints in links, whereas each
off-diagonal entry K, = |E(Ss, Sp)| (« # ff) counts the cut links connecting
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(a) Relational Partition G[5] (b) Contracted Capacity Graph Gic

FIGURE 2.2: The epistemic assignment operator Iy and the contracted capacity
graph Gg. (a) Relational subgraph G[S] = (S,E(S)) (N = 14 ver-
tices, |[E(S)] = 19 edges) partitioned into M = 3 disjoint blocks
(S1, S,, S;) by the binary assignment matrix ITy € {0, 1}VM, separat-
ing relational links into induced internal edge sets E(S,) (solid teal,
|E(S)| = 6, |[E(S,)| = 6, and |E(S;)| = 3, giving diagonal capacities
Ki;; = 12links, K,, = 12links, and K;; = 6links) and inter-block cut
edge sets E(Sa,Sﬁ) (dashed crimson, |E(S;, S,)| = 2, |E(S;,S5)| = 1, and
|E(S,, S5)| = 1, giving cut capacities K;, = 2links, K53 = 1link, and
K,; = 11ink). (b) Contracted capacity graph Gg under congruent com-
pression K = ITT A I1g, where each block S, carries a self-loop of di-
agonal capacity K, (teal, coarse-graining depth I,, = In K, in nats)
bridged by weighted boundary couplings K, (crimson), preserving
exact combinatorial edge conservation (|E(S)| = 19).

Se to Sp. Applying the natural logarithm to any block with non-empty in-
ternal edge support (K,, > 2) converts raw link counts into dimensionless
informational units (nats), defining its coarse-graining depth I,,:

L, :=InK,,. (2.92)

To display unequal coarse-graining depths and heterogeneous cut capacit-
ies that remain degenerate on the symmetric two-lobe running example,
Figure 2.2 illustrates this congruent compression on a general asymmetric
three-block subgraph (N = 14, M = 3).

Because g1y, = 15 and IIg1y, = 15, applying the matrix congruence 6y, to
the open-system degree split (2.17) projects the vertex degree matrices onto
the M system blocks:

D :=ID4ILs = DI™ 4+ DY = diag(d, )M, (2.93)
D(int) L 1-ITD(int)l-I - K D(int) — & d(int) M
k=D g = Ko + D" = diag(da )y (2.94)
M
D" .= diag(z Kaﬂ) . (2.95)
Pra a=1

Here ng) counts the internal inter-block cut edges incident to each block.

)

Similarly, projecting DgeXt onto the M blocks yields the diagonal external
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boundary degree matrix DEXO, whose entries match the column sums of

ngXt) and sum to |9S]:
X X : M
D§§ s Hnge t)HS = dlag(do(feXt))a:v (2.96)

M
Tr(DEV) = 3 & = |as|. (2.97)
a=1
Entrywise, each block’s internal degree volume S”t) (summing across all

d(ext)

blocks to 2|E(S)|) and external boundary cut degree d; ~ sum to its total

degree volume d, := O({int) + déf"t), equal to vol(S,), whose trace matches

the total relational capacity @, (2.195) identically:

(gint) = Kaa + Z Kaﬂ = VOlint(Sa)’ (2'98)
P*a
9 = 3 @@~ |55, 9)l, (2.99)
i€S,
M
Tr(Dg) = Y. dy = 2/E(S)| + 0S| = vol(S) = Qyotal. (2.100)
a=1

Applying @y to the Laplacian split (2.20) similarly defines the isolated in-
ternal (Neumann) capacity Laplacian Lk and the open Dirichlet capacity
Laplacian L gs:

Lg := MLV = DI — Ks = DI™ k0™, (2.100)
LK,SS 1= H}—Lssns =Dk —-Kg=Lg+ DEXt), (2.102)
1T L sty = Tr(DEY) = 15 (2.103)

Whereas Lg governs closed inter-block transport inside S with zero row

sums (Lg1y = 0), Lk s adds the diagonal boundary degree potential D;EXt)
accounting for open leakage across 9S. Whenever the context is unambigu-

ous, K, denotes the active boundary cut K(int) within S, or the combined
0 Yy 9

pair (Kgm), ngXt)) for an open system).

Evaluating the quadratic forms of Lk and Lk g5 on any trial vector Ilgzg €
im(IIg) (zg € R™) exposes the complementary roles of Ko, Kgnt), and DgXt):

ziLgzs = (HSZS)TLS;ID(HSZS) = Y Kuplzse —25p)* >0, (2.104)
a<f

M
t
2]Ly sszs = (szs) Lss(Mszg) = Y. Koplzse — z5p)° + Y, (e )zg,a.
a<f a=1

(2.105)

Because every internal edge in E(S,) connects vertices within the same block
sharing the identical trial amplitude zg 4, internal self-loops K¢, cancel identic-
ally out of both Lk and L 5. Evaluating L and Lk g5 on a single block basis
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vector e, therefore isolates the internal inter-block cut edges incident to S,
and the external boundary cut edges exiting S, into S:

ellie, = (DI™) = (S S\ S, (2.106)

elLi sse = (D™ +d™ = [E(S,, S\ Sl + [ES 9l (2107)

O!OC+

How, then, does internal capacity Kq stabilise a block against boundary es-
cape? Restricting the generalised Rayleigh quotient onto im(Ilg) projects
both numerator and denominator via 6y, which in degree-weighted co-

ordinates zg := (D%nt))l/zzs gives:

(HSZS)TL(Si;t)(HSZS) ) Zg(Dgint) _ Kgint))ZS

(int) T (int)
([sz5) "DV (Mszs)  zg(Kg + Dy )zs (2.108)

~T ~
_ ZSLnormZS
z.zg
Here the symmetric normalised capacity Laplacian Ly, governs transport
in the degree-weighted basis:

Luom = (DY) 2Lg(DI) /2 = 1 — () 1/ 2K (D) V2.
(2.109)
The degree-mass denominator in (2.108) re-introduces K, as volumetric in-
ertia, since out of all do(tint) internal edge endpoints incident to S,, K, recir-
culate internally while only (Dgnt))aa cross into adjacent internal blocks.
Evaluating L., entrywise separates each block’s per-step boundary es-
cape fraction on the diagonal from its inter-block transition couplings off
the diagonal:

Koo Zﬂia Kap

(Lnorm)aa =1= (int) (int) (2'110)
o o
Kaﬂ
(Lnorm)aﬁ =TT (a # p). (2.111)
(int) d(int)
@« Up

Across the full spectrum 0 = py < pp < -+ < py < 2 of Loy, the
slowest non-trivial eigenvalue pi5(L,orm) sets the inter-basin escape horizon
Tescape ~ to(Lporm) ™! (Section 2.3 and Section 2.5).

When external boundary ports are included by replacing (L, D%nt)) with
the open operators (Lk ss, D), evaluating the Rayleigh quotient on a single
block indicator e, and on the uniform system state 1, yields the total open

block conductance ¢§t°t)(5a) and the collective subsystem leakage ratio:

T
e, Lk sse K,
gtOt)(sa) = o KSe _ ) Tew (2.112)
e;DKea dy
T
1, Lk ssim oS
M _ _los] (2.113)

111;/[DK1M - vol(S)’
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EXAMPLE 2.3 (Capacity Matrix and Capacity Laplacian on the Nine-Node
Graph). Applying the matrix congruence 6fy (2.80) under the partition IT =
diag(Ils, 13) of Example 2.2 (2.70) to the vertex-level operators of Example 2.1
(2.35)—-(2.37) contracts the nine-node dumbbell graph (|E(S)| = 7, |9S| =
2, Figure 2.1) into its coarse-grained capacity network without dividing by
N, = 3. Specifically, 6j; bundles the two internal triangles E(S;) and E(S,)
into K, the single bridge cut {3, 4} into Kgnt), the bath triangle {7, 8, 9} into
K; = (6), and the two external boundary cut edges {1,7} and {6, 8} into
Kf;”‘t) = (1,1):

Ksz(é o)+(o 1)=(6 1)’ )
06/ \1 o/ \1 6

R e
KQ K(im)
2]

6 1|1
K=|l1 6|1/ (2.115)
1 1|6

Projecting the vertex degrees via (2.93)-(2.96) gives internal degree matrix
D%nt) = diag(7,7), boundary degree matrix DEXt) = diag(1, 1), and total
degree matrix Dg = diag(8, 8), with d, = 8 and trace Tr(Dg) = 16 matching
@otal- Subtracting K and normalising by D%nt) yields the isolated, open,
and normalised capacity Laplacians:

1 -1
Lk = ( ) , (2.116)
-1 1
2 -1
Lkss = : (2.117)
-1 2
1/1 -1
Loorm = ; ( 11 ) . (2.118)

From these contracted operators, each internal triangle has diagonal capa-
city K,, = 6links (o € {1,2}, |[E(S,)| = 3 edges) and the bridge has K;, =
1link, giving the coarse-graining depth, spectral relaxation eigenvalues (y; =
0), and open leakage ratios:

Ly =InK,, =In6 = 1.79nats, (2.119)
k) 2
/JZ(Lnorm) - dgnt) - ;: (2‘120)

(tot) Koo 1 05|
S =]1]—-— === 3
o (Sa) d, 4 vol(S)

(2.121)

Although the internal capacity K,, = 6 cancels out of both Lk and L g, it
enters the internal degree mass D;nt) to suppress the inter-lobe relaxation
eigenvalue from Ay(Lg) = 2 to ps(Lyorm) = 2/7, while in the open degree

mass Dk it bounds the total open lobe conductance ¢>§t0t) (S;) = 1/4 and
collective subsystem leakage |9S|/ vol(S) = 1/8. O



2.3 CONSERVATION-CONGRUENT ENCODINGS

2.3 CONSERVATION-CONGRUENT ENCODINGS

The partition structure of IIg € {0, 1} —binary membership, exhaustive

non-overlapping row sums, and block-diagonality (2.50)—narrows all linear
mappings down to the Stirling partition count S(N, M) ~ MN /M! of can-
didate vertex partitions. Yet almost all candidate partitions are physically
inadmissible once coupled to the substrate adjacency Agg. Evaluating the
generalised Rayleigh quotient (2.108) on a block indicator &, = Ilse, gives
the exact fraction of block a’s internal relational endpoints that exit across
its inter-register boundary cut, defining its boundary conductance ¢,(S,):

Ty (int)

Lo
¢8(Sfx) = : sznt) (x = |E(S{TS(}S§[)|
me D my VYOI (2.122)
_ Zﬁia Kap _ Koo L )
I R C D
o o

Out of all dgnt) internal edge endpoints incident to S,, a fraction K,/ dS‘“)
recirculates internally within S,, while the complementary fraction @,(S,) €

[0, 1] crosses into peer registers S \ S,. In an open subsystem, replacing
SS 2

d(geXt) /d, into S via q’)((;mt)(Sa) in (2.112). If a candidate partition cuts across
dense couplings (¢5(S,) ~ 1) or groups disconnected vertices (K,, = 0), any
state prepared in the coarse-grained subspace im(Pp) escapes immediately
into the unresolved residual im(Qyy).

ng)) with the open operators (Lgs, Dg) adds external port leakage

2.3.1 Admissible Mappings and Axioms I-1Il

DEFINITION 2.1 (Admissible Assignment and Conservation-Congruent En-
coding). A candidate partition II = diag(Ilg,II5) is admissible—and each
diagonal entry K,, of Kq, together with its induced subgraph G[S,], con-
stitutes a Conservation-Congruent Encoding (CCE) coupled across boundary
cuts Ky (a # f) on Gk —if and only if it satisfies three foundational axioms:

First, Axiom I (Topological Resolvability) requires that distinct blocks occupy
disjoint vertex subsets and that each induced subgraph G[S,]| = (S,, E(S,))
form a single connected component with non-empty internal edge support
(N, > 2 on a loopless graph), characterised by strictly positive normalised
internal algebraic connectivity yin:(S,) [57]:

SanSp=0 (a # p), (2.123)
Yint(Se) += f12(Lnorm(G[S: 1)) > 0, (2.124)
Ky = 2[E(S)| =2 2(N, — 1) > 2. (2.125)

Second, Axiom II (Structural Persistence) requires that internal connectivity
Yint(Sg) across G[S, | strictly exceed boundary cut conductance ¢,(S,) (2.122),
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and defines for every block with ¢,(S,) > 0 the dimensionless Spectral Per-
sistence Ratio Z(S,):

Yint(Se) > ¢o(Se) Ve €{1,..., M}, (2.126)
2(S,) := ’;I:((;‘)) >1 ($5(Sy) > 0), (2.127)

paired in open substrates with external persistence A5(Lgs) > A;(Lgs) (Sec-
tion 2.1.2), and achieving exponential barrier isolation in the strong-persistence
regime where Z(S,) > 1 and A,(Lgg) > A;(Lsg).

Third, Axiom III (Conservation Congruence) requires that the assignment be
exhaustive and non-overlapping (Ils1y; = 15, IIg1), = 15) and contract the
graph adjacency congruently via (2.83), yielding exact bilinear edge conser-
vation across internal and boundary sectors:

M
1 1 1
ElTMKSIM = ETr(KQ) + Z K(xﬁ = 5 Z Koo + Z K(xﬁ = |E(S)I,
a<f a=1 a<f
(2.128)
1L5ngXt)1M = Tr(D) = Jas|. (2.129)

Each axiom in Definition 2.1 enforces an indispensable physical requirement.
Under Axiom L, if G[ S, | were disconnected, its isolated normalised Laplacian
would possess multiple independent zero modes, preventing perturbations
from equilibrating across the block. Under Axiom II, on the capacity graph
Gk over {1,..., M}, the discrete Cheeger inequality for L., (2.108) bounds
the slowest non-zero inter-basin eigenvalue py(Lyorm) in terms of the net-

work Cheeger constant hg (and ¢,(S,) whenever Zdéint) < volini(9)) [27, 31]:

1
Eh%( < ﬂZ(Lnorm) < 2hK < 2¢8(Sa): (2'130)
K(A A
hg :=  min - (A4, 4) —, (2.131)
OCAC{L,...M} min{vol;,;(A), vol;,; (A)}
K(AA) i= ") Kup, (2.132)
a€A ﬁeA

where A := {1,..., M} \ A denotes the complement of A in {1,..., M}. Be-
cause Yint(Sy) < 2, condition (2.127) enforces strict diagonal dominance of
K with ¢,(S,) < 1. In the decoupled limit K, = o, the M blocks possess M
exact zero eigenvalues spanned by im(Pp) and separated from unresolved
intra-block modes in im(Qqy) by yint(S;) > 0. When weak boundary cuts
are present, invariant-subspace perturbation theory (the Davis-Kahan sin ©
theorem [41]) keeps im(Ppy) aligned with the slow M-dimensional invariant
eigenspace up to O(27!) « 1, separating the fast intra-block mixing step



2.3 CONSERVATION-CONGRUENT ENCODINGS

from the slow inter-block escape step count Ne(sac)ape across an

operational step window Nég):

count N, (@)

relax

(@) 1 () () 1
N ~ —— K Ngp~ < N, ~ , 2.133
relax  ye(Se) o I 6(Se) (2133)
(@)
Nescape —~
@ - E(S,) > 1. (2.134)
relax

Under Axiom III, every edge in E(S) and dS belongs to a unique induced in-
ternal edge set E(S,), inter-register cut E(S, Sg) (@ < ), or external bound-
ary cut E(S;, Sy), so summing twice (2.128) and (2.129) recovers the exact
subsystem degree volume Tr(Dg) = vol(S) (2.100).

Together, Axioms I-1II characterise physical information on the capacity net-
work in natural units (nats) by applying the natural logarithm directly to
the link entries of Kg, yielding two parameter-free invariants across the
M resolvable blocks. First, because Axiom I guarantees K,, > 2 (2.125)
so that every diagonal coarse-graining depth I,, = InK,, (2.92) satisfies
Iie 2 In2 > 0 and is finite, the preserved internal capacities of Axiom III
sum to the preserved structural capacity L., (1.34), whose block summands
correspond to the microcanonical Boltzmann entropy Sy, («) in thermal sub-
strates:

M M
Ley = . Iog = Y, InKyy > MIn2. (2.135)
a=1 a=1

Second, for any coupled pair of blocks (K,3 > 1), the diagonal-to-cut dom-
inance of Axiom II defines the pairwise logarithmic barrier isolation depth
Alparrier,a—p (abbreviated Al rier,qp for symmetric basins) separating CCE
a from CCE f:

K
AIbarrier,(x—>/3 = ln(K;m) s (2.136)
ap
K
AIbarrier,oc—>ﬁ - AIbarrier,ﬁ—mc = ln(K;;;) = Iy — Iﬁﬂ- (2.137)

Under an unbiased single-step selection among all d, link endpoints incident
to Sy, Ko remain inside S, while only K, 4 cross into register f # a, so
Abarrier,a— B exponentially suppresses the per-step inter-register transition
fraction T, , g:

- Kup  Kap 5
Toop = (D' K)gp = 2 K, ¢ Aharicca=p (g 2 ). (2.138)

Whenever a transition crosses one of the K, cut channels into Sg and mixes

across all K BB internal link endpoints over Nég ) > Nr(ﬁgx, many-to-one
coarse-graining erases which cut edge mediated entry. When adjacent CCEs
have unequal internal capacities (K, # Kpp), the depth difference I, — Igp
in (2.137) biases transitions towards larger basins, grounding retrodictive ir-

reversibility and dissipative relaxation (Section 2.5).
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EXAMPLE 2.4 (Admissible versus Inadmissible Assignments on the Six-Node
Dumbbell Graph). On the six-node dumbbell graph G[S] of Examples 2.2
and 2.3 (S| = 6, |[E(S)| = 7, with Agg and Lgsnt) given in (2.35)), compare
the bottleneck-aligned assignment I, 4, = IIs (S; = {1,2,3}, S, = {4,5,6})
against a cross-cut assignment Il .qm (S7 = {1,2,4}, S5 = {3,5,6}):

T
1 1.0 1 0 0
Minadm = > (2.139)
0 01 0 1 1
6 1
Kadm = , (2.140)
1 6
2 5
Kinadm = . (2.141)
5 2

Both partitions are exhaustive and non-overlapping, satisfying Axiom III
(2.128)—(2.129) with matching degree matrices D%nt) = diag(7,7) and Dk =
diag(8, 8) (2.93)—(2.96). Under the bottleneck-aligned assignment IL, 4., each
induced subgraph G[S,] = Kj is a connected triangle that saturates the up-
per Cheeger bound (2.130):

3
Yint(Se) = 5 >0 (2.142)
1
$a(Se) = - = hx, (2.143)
2
Ho(Lyorm) = ; = 2hk. (2.144)

Evaluating (2.127) and (2.135)—(2.136) across the M = 2 blocks confirms that
IT, 4., satisfies both Axiom I and Axiom II:

=(S,) = 271 =105 > 1, (2.145)
Ly(Mgm) = In6 ~ 1.79 nats, (2.146)
Alyarrier12(Madm) = In6 = 1.79 nats. (2.147)

Under the cross-cut assignment IT;, , 4, by contrast, vertex 4 is isolated from
{1, 2} inside S7 so each induced subgraph G[S;] = K, U K; is disconnected
with y;n:(S5) = 0 and Z(S}) = 0 (violating Axiom I), while five edges cross
the cut (violating Axiom II):

$a(Se) = % = 0.71, (2.148)
10
Ho(Lnorm) = — (2.149)
2
AIbarrier,lz(l—linadm) = ln(§> ~ —0.92 nats. (2.150)

A negative barrier isolation depth indicates that single-step escape across
the cut outweighs internal recirculation, confirming that IT;,,q, supports
no metastable coarse-grained blocks. O
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2.3.2  The Coarse-Graining Algebra and Multiscale Invariance

Physical observation and modelling ascend across nested levels of resolution,
from fundamental particles and atomic cores to macromolecular scaffolds,
cosmological horizons, synthetic hardware, and neural circuits (Chapters 5-
9). Let I € {0, 1¥*M: be an admissible assignment on G[S] with capa-
city matrix KV € ]Néwl “M: When the M, level-1 CCEs are aggregated into
M, < M,; non-empty, mutually disjoint level-2 clusters {Ja}y:zl via a sur-
jective binary coarsening matrix P € {0, 1}M>M: (P, = 1 if block a € .7,
and 0 otherwise) satisfying row-sum normalisation P1,;, = 1, the compos-
ite level-2 assignment and its row-sum closure follow by associative matrix
multiplication:

n® .=naWp e {o, 1}VMe, (2.151)
0@1y, =0WP1y, = 15 (2.152)

P, P,
Across any chain of successive coarsenings n® —2 n® 22 00 the

coarsening matrices multiply associatively (P_,3 = P;,,P5_,3) across nes-
ted partitions of S.

THEOREM 2.2 (Multiscale Coarse-Graining and Cut Internalisation). Let
W = diag(Hgl),Hg)) be an admissible level-1 partition of (S, S) with subsys-
tem operator triple (K, Dg(l), Lg)), and letP = diag(Pg, Ps) be any boundary-
respecting surjective binary coarsening satisfying Ps1y;, = 1y, and Psy, =
1, - Under the congruence map 6p (") : = Pg(-)PS (writing P = Pg on S), the
level-2 operator triple contracts directly across scales without referring back to
Agg:

K® = pTKWp, (2.153)
@) _ pTp()

D =P'DP, (2.154)
@) _ pTy (D

L. =P'LP, (2.155)

preserving exact combinatorial edge conservation across scales:

1 1
QI&ZK(Z)WZ = 51&11((1)11\41 = [E(S), (2.156)

while contracting the open internal and external boundary sectors independ-
ently:

ng) — P—;—Kgl)PS’ (2157)
ngxt,Z) _ P;:ngXt’l)Ps. (2.158)
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Moreover, defining the diagonal cut-internalisation transfer operator Jp, the

. D _ 1D, @D
diagonal memory and hollow boundary-cut sectors ofK( ) = Ky, +K;, " trans-
form according to:

Tp(KY) := diag(PK("P), (2.159)
K& = PTKYP + 7p(K."), (2.160)
K(Z) PTK“)P Tp(K), (2.161)

evaluating entrywise on the diagonal and off-diagonal capacity entries (@ # )
to:

K& =Y k& + Y kY, (2.162)
acg, abe s,
a#b
K7 =3 > Ky (2.163)
ac 7, be 7y

PROOF. Substituting ® = MP (2.151) into the matrix congruence defini-
tions (2.85), (2.86), (2.93), and (2.101) yields (2.153)-(2.155) and (2.157)—(2.158)
by associativity of matrix multiplication. Row-sum normalisation P1y;, =

1, implies PT 1. establishing (2.156) (and 1 K(ext 2) = |99)).
Finally, because dlstlnct columns of P have disjoint support (PaaPaﬁ = 0 for
a# p), PTng )Pis strictly diagonal. Extracting the diagonal and off-diagonal

parts of K@ = PT(KS) +K§1))P yields (2.159)—(2.161), whose («, @) and («, )
(a # p) entries expand directly to (2.162)-(2.163). O

Physically, Theorem 2.2 shows that level-1 boundary cuts K (E;) (a,be Fy,a+

b) mediating inter-basin transitions under ) are internalised by Jp into
diagonal CCE memory under IT¥), increasing each merged basin’s coarse-
graining depth Io(ci) while reducing the resolved block count (M, < M), as
illustrated in Examples 2.5 and 2.6. This single algebraic mechanism gov-
erns the consolidation of local degrees of freedom into continuous attractor
basins (Section 2.5.2), cut internalisation and cooperative capacity gain dur-
ing multi-system coupling (Section 3.4.1), and CCE encapsulation of interior
quark and atomic core degrees of freedom (Section 5.1.2).

On the vertex space RN, because im(II?) ¢ im(M™M), the orthogonal project-
ors Py and residuals Qpp (Section 2.2.1) form a commuting projector tower:

ProyPre) = PpeoPro = Pho, (2.164)
APy, :=Ppo — Ppe = Qpe — Qpo- (2.165)

Consequently, the difference operator AP;_,, in (2.165) is a symmetric, idem-
potent orthogonal projector of rank M; — M, that isolates the exact intra-
cluster degrees of freedom resolved under D but compressed into the un-
resolved residual Qpyz) under ®—the operator subspace that generates un-
tracked gravitational stress in Section 6.2.
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Why do linear constructors such as D and Lk contract without correction
in (2.154)—(2.155), whereas sector extraction in (2.160)—(2.161) and boundary
elimination in (2.34) produce extra structural terms? Evaluating a general
operation O after applying a II-induced linear coarse-graining map 6 need
not agree with coarse-graining the output of @, defining the coarse-graining
commutator:

[0,€1(X) := 6(F(X)) - €(6(X)). (2.166)

In (2.166), the left slot specifies the operation or physical law @ being coarse-
grained, while the right slot specifies the II-built linear coarse-graining map

€ (such as 6y, Gp, G, or Ppy). Linear row-sum constructors such as degree

formation and the Laplacian map & commute identically with @p ([Z, 6p] =
o), whereas sector splits, products, and inversions generate exact residuals

across unresolved modes.

LEMMA 2.3 (Coarse-Graining Commutator). Let O be an operator and let
61, G5 be composable linear coarse-graining maps. Across scales, the commut-
ator (2.166) obeys the multiscale telescoping identity:

[6,%, - 6 1(X) = [0, %]1(€1(X)) + ([0, €,1(X)). (2.167)

Under any surjective binary coarsening P € {0, MM, (P1yy, = 1y,) with
offdiag(X) := X — diag(X), diagonal and off-diagonal extraction satisfy:

[diag, Gp](KV) = —[offdiag, Zp](KV) = Tp(K V). (2.168)

Define orthogonal compression 1(X) := PpXPp on RN @@ =n1Mp) and
the hollow co-membership matrix Ep := PPT — Iy, - For every conformable X,
operator squaring satisfies:

H:(')Z, @H(z)]](e@rl(l)(X)) = — H(Z)X AP{_,5 XPH(Z), (2.169)
[()2 Gp](X) = PTXEpXP. (2.170)

Finally, on V. = (S, S) with Lgs > o and inclusion Il = (Is,0)" (2.81), the
screened Laplacian L, := L+ eIloII] with screening stiffness ¢ > 0 (in links) is
strictly positive-definite with Green’s matrix G, := L', and matrix inversion
across G satisfies for every e > 0:

[ %51(Ge) = ~LgsLlLss = —Zeny- (2.171)

PROOF. Addingand subtracting €,(0(6(X)))in [0, €5°%;](X) and apply-
ing linearity of 6, yields (2.167), while (2.160)—(2.161) give (2.168). By the pro-
jector tower (2.164)—(2.165), Hyo) (Hrn(X)) = ﬁl(z)(X) and Ppye) — Py =
—AP;_,,, yielding (2.169). Because P € {0, 1}*M: has disjoint columns and
row sums P1y, = 1), Ep = PPT — I, has zero diagonal and unit entries
on distinct intra-cluster pairs a # b (a,b € .7,). For any conformable X, Y, P’,
expanding Ep gives:

(PTXP)(PTYP’) - PTXYP’ = PTXEpYP’, (2.172)
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which reduces to (2.170) at Y = X and P’ = P. Finally, since L > o and
Lss > o imply L, > o, block inversion of G, = L, ! gives:

[ Bs1(Ge) = (Lss + els — Zeny) — (Lgs + elg) = —Zeny,  (2173)

where ¢l cancels identically at every ¢ > 0, establishing (2.171). U

Together with the Poisson bracket {-,-} governing reversible circulation in-
side K and the symmetric metric bracket (-, -) governing irreversible relax-
ation across Ky (Section 2.5.2), [0, €] completes the bracket algebra of the
monograph by isolating structural residuals across changes of resolution.
Applied to diagonal extraction, [diag, €p] yields cut internalisation Jp in
(2.168), with [diag, €11, ](Ass) = Kq creating internal memory from a loop-
less graph. Applied to Green’s inversion across S, —[(-) !, &s] recovers the
Schur self-energy 2., of (2.33) across Chapters 3—5 and 9, while applied to
quadratic curvature operators in Section 2.5.1 and Chapter 6, [Ric, €p] and

[G,.v» Pri] generate positive discrete Ricci mass-focusing and untracked grav-

itational stress—energy TﬁgntraCked). Finally, while Axiom III holds automatic-

ally for every surjective binary P, an admissible assignment M coarsens to
an admissible assignment n® (2.151) if and only if each cluster .#, induces a
connected subgraph on the level-1 capacity graph Gy (preserving Axiom I)

and aligns with a higher-order spectral bottleneck of Lg(l) (E > 1, preserving
Axiom II).

EXAMPLE 2.5 (Multiscale Coarsening and Cut Internalisation). On the nine-
node relational graph G = (V, E) of Example 2.1 (Ny = 9, Ng = 6, N5 = 3,
|E| = 12), let n® ¢ {0, 1}V3 be the level-1 assignment resolving M; = 3
three-node CCEs S; = {1,2,3}, S, = {4,5,6}, and S = {7,8,9}:

6 1 1

KV =|1 ¢ 11, (2.174)
11 6
2 -1 -1

1 _

L=[-1 2 -1] (2.175)
-1 -1 2

Now introduce the coarsening matrix P € {0, 1}>*? that merges the two sub-

system lobes .#; = {1, 2} into the single six-node block S = {1, ..., 6} while
keeping the environment %, = {3} (S) distinct:

1 0
P=|1 o, (2.176)
0 1

II(2)=H(1)P=<16 %). (2.177)
03 13
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Without referencing A, the congruence map (2.153)—(2.155) contracts the
level-1 operators directly into their level-2 counterparts:

K® = pTkWp = (14 2), (2.178)
2 6
@ _pTyWp _[ 2 2
LY =PTL P = (_2 ) ) (2.179)

Evaluating the diagonal commutator (2.168) and sector transfer laws (2.160)-
(2.161) separates the internalised bridge cut from the surviving external in-
terface:

[diag, Bp](KV) = Tp(K") = diag(2, 0), (2.180)
K = diag(12,6) + diag(2, 0) = diag(14,6), (2.181)
K = (O 2) . (2.182)

2 0

Simultaneously, the inter-level projector difference (2.165) isolates the rank-
1 antisymmetric inter-lobe dipole mode absorbed into Qp»:

1
AP1—>2 = gdlzd-{z, (2183)
dj, :=(1,1,1,-1,-1,-1,0,0,0)". (2.184)

This matrix congruence preserves the total edge count |E| = 12 while trans-
(1) (1)

ferring the level-1 inter-lobe bridge cut K7, + Ky;” = 2 into level-2 diagonal
memory Kl(f) = 14, raising internal coarse-graining depth I;; from In6 to
In 14. O

24 THE CAPACITY LEDGER

While Axiom III guarantees that the linear sum of graph edges is conserved
across every level of coarse-graining (2.156), any embedded physical system
faces an inescapable structural trade-off: finite material substrates cannot
simultaneously allocate unbounded relational degrees of freedom to main-
taining internal CCE representations (Kg) and to interfacing across trans-
ition or environmental cuts (Kj). The capacity decomposition (2.83) provides
an exact, parameter-free accounting of this architectural trade-off.

2.41 Frobenius Orthogonality and the Capacity Ceiling

Within the subsystem capacity block Kg = Kq +Kgnt) e NYPM (2.86), the di-
agonal intra-basin memory matrix Kg and the hollow inter-basin transition
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cut matrix Ksnt) have disjoint entrywise support on RM*M and are therefore
strictly orthogonal under the Frobenius inner product:

(X, Y)p :=Tr(X"Y), (2.185)
(Ko, K™, =0, (2.186)
IKsl? = Kol + K™, (2187)

Taking the Frobenius norms of the two orthogonal sectors defines the Euc-

lidean internal memory load @ and internal transition load @((;nt) (both in

links):

M
Qg :=Kolp =\ | Y. Kés (2.188)
a=1

@ = K] = \/m ‘ (2.189)
a<p

Here @, quantifies the Euclidean structural load committed to stabilising in-
ternal CCE memory registers, while @gnt) quantifies the internal transition

load coupling distinct registers within S.

For an open subsystem embedded in an environment S across the bound-
. MgxM

ary cut dS, the rectangular off-diagonal block K(geXt) € N, SM of the par-

titioned capacity matrix K (2.83) occupies a matrix sector disjoint from Kg

and carries the external interface load @gexo. Combining the internal inter-

basin transition cuts @((;nt) and the external environmental ports @(geXt) in

quadrature defines the total boundary cut load @, yielding the three-sector
Pythagorean decomposition of the allocated structural capacity (henceforth
allocated capacity) Q1o (all in links):

5™ = K, (2.190)
6, := (@2 1 (g, 2191)
Q%oc 1= 63 + @3 = G + (QS™) + (V). (2.192)

While each Euclidean quantity @g, @gnt), @((,eXt) , @y, and @1 depends on

the chosen partition IT, we suppress the explicit (IT) argument for notational

economy. When the subsystem is closed (0S = @), @((,eXt) = 0 and @, re-

duces to the internal transition load @(gmt). Conversely, when a subsystem is
coarse-grained as a single monolithic block (M = 1, as in the multi-system

network of Chapter 3), @gnt) = 0 and @, reduces to the external port load

@(gext)

(ext)
Ka

. When the subsystem does not partition S (Mg = 1), the row vector

carries the external port degrees ,Se"t), o) @geXt) depends solely on the

internal assignment IT;.

To make the capacity frontier strictly parameter-free on G = (V,E), we
define the total relational capacity Qo1 (in links) via the entrywise £; matrix
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norm as the partition-invariant relational capacity budget of the embedded
subgraph S. By Combinatorial Conservation (Axiom III, (2.128)—-(2.129)) and
the graph-theoretic handshaking identity—since every internal edge in E(S)
contributes two incident endpoints within S and every boundary cut edge
in 9S contributes one incident endpoint within S—this linear budget equals
the exact degree volume vol(S) of the subsystem:

Xl := ) Xl (2.193)
ab

total * = dmax/Sl; (2.194)

Qiotal = Kl + ||ngXt)||1 = 2|E(S)| + [0S| = vol(S) < @iy, (2.195)

where vol(S) sums the vertex degrees d; over i € S (2.100) and @ is the

substrate valence ceiling in a network of maximum vertex degree dp,..

THEOREM 2.4 (Orthogonal Capacity Ceiling and Strict Norm Gap). For any
partitionII = diag(Tls,IIs) of (S, S), the allocated capacity Qo is bounded
universally by the partition-invariant total relational capacity Qi1 = vol(S),
and any plastic reconfiguration AK := K’ —K decomposes orthogonally across
its diagonal memory and cut sectors:

Q%oe = @h + @3 = @F +(G5™) + (€S™) < @2, (2.196)
AK = AKg + AK,, (2.197)
|AK[% = |AKg[% + |AK|%. (2.198)

Moreover, strict inequality Qo < Qioral holds if and only if at least two
entries of (K, K((;Xt)) are strictly positive—in particular, for every admissible
partition (Definition 2.1) with M > 2, or with M = 1 and open boundary
|0S| > 0.

pPROOF. Collecting the R := M? + MsM non-negative integer entries of Kg
and K((;Xt) into a single vector q = (qq, ..., qg)" € N&, we have Qo = lql;

by (2.195) and @,ﬁuoc = | ql3 by (2.192), so their squared difference expands
into cross-products of distinct entries:

R 2 R
@tzotal - @glloc = (Z qr> - Z q;g = Z q-qs = 0. (2.199)
r=1 r=1

r#s

Since g, > 0 for all r, (2.199) establishes @ 1o < Qtotal, With strict inequality
Qalloc < @ioral if and only if at least two distinct entries satisty g, qs > 1.
Under Axiom I (2.125), every block satisfies K, > 2, providing at least two

positive diagonal entries whenever M > 2, and pairing K;; > 2 with at least
one positive boundary entry in K((;Xt) whenever M = 1 and |dS| > 0. Finally,
because AKq and AK, occupy disjoint matrix coordinates, (AKq, AKy)r = 0,
proving (2.198). O

Theorem 2.4 establishes the fundamental structural frontier of physical com-
putation: within a finite relational substrate, dedicating relational capacity to
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internal CCE storage (@) strictly limits the channel capacity available for
inter-basin transitions or external interfaces (@;). Physically, whereas the
linear €; ceiling @y, counts the total relational capacity budget of incident
edge endpoints and is invariant under partitioning, the allocated capacity
@Qa11oc Weights each block or cut quadratically in the Euclidean £, Frobenius
norm by its concentrated bundle capacity: concentrating many edges into
a single monolithic register (K2,) locks those degrees of freedom into mu-
tually redundant internal stabilisers of a single block state, whereas distrib-
uting edges across multiple distinct registers and boundary cuts preserves
independent cross-block pairings that can be differentiated or rewired. Sat-
uration @,jjoc = @tota1 Occurs only in the trivial degenerate limit where an
isolated closed graph (39S = @) collapses into a single unpartitioned block
(M =1).

2.4.2  Free Capacity and Structural Efficiency

With the total relational capacity @y, established in (2.195), the founda-
tional numerator of agency is defined without free parameters from the ca-
pacity decomposition as the system’s unallocated relational capacity, or free
capacity (in links):

- _ 2 2
@free c= @total - @alloc - @total —y @Q + @8

= Groral —\ @2 + (@) 4 (@),

(2.200)

Geometrically, @f.. measures the radial gap between the allocated capacity
vector (Qq, @) (of Euclidean norm @,);,.) and the invariant ¢; capacity ceil-
ing Qioia- By Theorem 2.4, Qg > 0 for every admissible multi-basin or
open partition, quantifying the free capacity of reconfigurable degrees of
freedom available for active stability control, error correction, and learning
without exceeding substrate limits. Normalising @f... by the boundary cut
load @, and internal CCE load @, defines the dimensionless structural intel-
ligence Ygtruct and structural consciousness (internal model efficiency) Kgiryct

(both in links/link), linked by the discrete bridge identity:

B @free Qtotal — \ @gzz + @3

Xstruct *= a, = a, > (2.201)
2 2
@f @total - \’ @Q + @a
Kstruct *= @r;e = g > (2.202)
s
Astruct = Kstruct@_- (2.203)
7]

Equations (2.201)—(2.203) make the coupled trade-off across @ explicit: com-
mitting additional capacity to @ or @, simultaneously contracts the numer-
ator Qpee (2.200) while rescaling the denominator, showing that an embed-
ded architecture achieves high structural intelligence ygiyuct either through
economical internal representation (high xg,t) Or by committing a larger
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internal CCE load Qg to buffer boundary cut exposure @,. Comparing the
linear ¢; budget @, against the Euclidean ¢, Frobenius norm @, yields
the static efficiency relations, Cauchy-Schwarz support bounds, and recon-
figuration difference identity used throughout the remainder of this work.

LEMMA 2.5 (Capacity Norm and Efficiency Bounds). Let S € V be a sub-
system with total relational capacity Qi = vol(S) > 0, positive internal
memory load Qg = |Kq|f > 0, positive boundary cut load Q5 > 0 (2.191), and
positive free capacity Qpee = Qrotal — Qalloc > 0 (all inlinks). Then:

1. Quadratic Trade-Off Curve, Joint Ceiling, and Capacity Shares: The struc-
tural efficiencies Ygiruct and Kgpruet (2.201)—(2.202) satisfy the reciprocal
trade-off curve and symmetric joint ceiling:

0 2
1 + 1 :< alloc) , (2204)

2 2
Astruct Kstruct @fr ce
; @free
min( Ystructs Kstruct) < V2 T, (2.205)
alloc

with equality in (2.205) if and only if @ = Q. Expressing Qio1q) through
Qfree defines the dimensionless free-capacity share Dggee(Xstructs Kstruct) €

(0,1):
@total = @free (1 + \/M) > (2‘206)

Qfree _ 1

Qrotal - —2 —2
1+ Astruct + Kstruct

and strictly bounds the boundary, internal memory, and total allocated
shares of Qyta):

Nfree (Xstructs Kstruct) = (2.207)

Q 1 1
5 9 _ 2 — <13 o (2.208)
total Astruct + \/ 1+ Xstruct Ks_truct struct
) 1 1
- Q - 2 — < (2.209)
total Kstruct + \/ 1+ Kstruct Xs_truct struct
Qa 1 1
/= =1- Ufree()(struct”cstruct) < + (2.210)
@total Astruct Kstruct

2. Cauchy-Schwarz Support Bounds: Let S be partitioned into M > 1 in-

ternal CCE blocks with my > 0 non-zero external port entries in K

and mgy; > 1 total non-zero boundary entries across Kgnt) and ngXt).

Then:
98] = [KSY|, < ymy 65 < ym; @, (2.211)
Qiotal < JM Qg + Jmeyt @y, (2.212)

JM 4 VMeut

: (2.213)
Kstruct Astruct

-1
1< Ufree()(struct: Kstruct) <

In particular, when M = 1 and mqy; = 1, exact additivity Qiory =
Qq + Q, forces Xsiruct < 1 and Kgpryer < 1.

51



52

CONSERVATION-CONGRUENT ENCODING

3. Orthogonal Reconfiguration Difference Identity: Consider any capacity
reconfiguration at conserved Q.1 across pairwise Frobenius-orthogonal
internal, external, and newly activated coupling sectors, taking baseline
sector norms (Qin, Qext, 0) of allocated capacity Qqpioc 0 (@ Qs Ocpl)
of allocated capacity @, .. Defining the signed internal and external

alloc”
quadratic reductions (in links® ) yields the exact difference identity:

2 . (52 2
A@Q,cons = Qe — (@i,nt ) (2.214)
2
A@g,shed = @gxt _( (’ext) , (2.215)
2 2 _ Ap2 2 2
@alloc - (@;lloc) - A@Q,cons + A@8,shed - @cpl’ (2.216)

50 Qf oo > Cfree holds if and only if @2 < AQQ s + AQ -
PROOF. Inverting (2.201)-(2.202) expresses the committed loads through
Ofiee. s0 dividing @3 + @F = @4, (2.192) by @Z . > 0 yields (2.204). Set-
ting ¢ = min(Xstruct’Kstruct) >0 giVCS Xs_trzuct < c—2 and Ks_t%uct < C_2> and

summing both inequalities against (2.204) establishes (2.205), with equality
if and only if Ygtruct = Kstruct> OF equivalently Qg = @,. Substituting Q1. =

Ofreen| Yar2ct + Katuer from (2.204) into (2.200) yields (2.206)~(2.207). Divid-
ing @, and Qg by (2.206) with k52, > 0and yguer > 0 gives (2.208)—(2.209).
Because Qg > 0 and @, > 0, expanding squares gives @Q,jjoc < Qg + @y, and
combining this strict bound with Qfee < Qtora1 proves (2.210):

) Q Qy,+Q
alloc alloc < 29 Q _ 1 + 1 (2.217)

Qiotal Qfree Qfree Astruct  Kstruct

For Part 2, applying the Cauchy-Schwarz inequality [uf; = (1,,u) < Jr |ul,
on RY across the m; active entries of ngXt) with @geXt) < @, (2.191) yields
(2.211), and applying it across the M diagonal entries of K and m,; active
boundary entries in (2.195) gives (2.212). Dividing (2.212) by Qgee > 0 via
(2.206)—(2.207) establishes (2.213). At M = 1 and m; = 1, exact additivity
Ototal = Qg + @y combined with Q1. > Qg and Qg > @, forces Qfree <

@y and Qfee < Q. For Part 3, Frobenius orthogonality gives @zlloc = @iznt +
Q% and (Qly,.)* = (QL)* + (QL)* + Qgpl’ whose difference substitutes

(2.214)-(2.215) directly into (2.216). At conserved Qiopal, @fe > Qfree holds
ifand only if @'}, . < @10, Which is equivalent to positivity of (2.216). [

alloc

Isolating the M-register diagonal block in Part 2 of Lemma 2.5 separates
single-register depth from system-level free capacity. Because Kg splits into

Kq and Kgnt) (2.86)—(2.88) with €; sum 2|E(S)| (2.195), summing the M diag-
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onal entries fixes Tr(Kq) and bounds @ from below by Cauchy-Schwarz,
capping Qpee in (2.200):

M 2
TI’(KQ) 1 int 2
Gh = 3, Kia > = = 3 (2EOI-IKGL) L (a9
a=
2/E(S)| - [KI™)]
Qfree < Crotal — N 2 1, (2.219)
Qfrec|yr—g = 21E(S)| +13S| = \J4ES)? + @5 < [aS|  (|S| > 0).

(2.220)

Equality holds in (2.218) if and only if all M registers carry equal diagonal
capacity K, while (2.219) is strict whenever @, > 0 since Qyjjoc > @q. Mer-

ging all internal links into a single monolithic block (M = 1 with K(amt) =o0)
maximises passive single-well depth I;; at K;; = 2|E(S)], yet (2.220) caps
Qfree strictly below |9S|, driving the free-capacity share ngee (2.207) and
Kstruct (2.202) to zero as |E(S)| grows at fixed boundary cut |9S|. Conversely,
partitioning S across M > 1 registers suppresses @ by M™% in (2.218)
while keeping each register well-isolated (K5 < Kyq), releasing Qg along-
side Xstructs Kstructs and Ngee prior to the through-time trajectory metrics
(xr, k) developed in Chapter 3.

EXAMPLE 2.6 (Capacity Ledger across Partition Reconfigurations). On the
nine-node relational graph G = (V, E) of Examples 2.1 and 2.5, the six-node
subsystem S = {1,...,6} (|[E(S)| = 7, 19S| = 2, dyax = 3) satisfies (2.195) and
(2.198) (for the reconfiguration AKg : = K,qm — Kinagm of Example 2.4):

Qiotal = 2|E(S)| + [0S = 16 < @iy = 18, (2.221)
IAKS[2 = Al + [AKI™ |2 = 32 + 32 = 64. (2.222)

For the level-1 two-basin assignment W of (2.114)—(2.115), internal load
@(1) J72 (= 8.49) and cut loads @(mtl) V2 and Q(eXt D = /2 yield
@(1) = 2, 50 (2.192) and (2.200)—(2.201) give:

oD _
Qe = V72 + 4 =76 = 8.72, (2.223)
1 _ -
Qe = 16 =76 = 7.28, (2.224)
1 16 — F
Xs(tr)uct ~ 3.64, (2.225)
with structural consciousness thlr)uct ~ 0.86 (2.202) and free-capacity share

I]ge)e =~ 0.46 (2.207). Under the coarsened level-2 monolithic assignment n®

of (2.178), where the scalar blocks K( )~ 14 and K(eXt D - give @g) =

Q(mt D= 0, and @(2) = 2, the same capacity relations evaluate to:

0% =196+ 4 =200 ~ 14.14, (2.226)
@ _ ~

a® =16 - 200 ~ 1.6, (2.227)

@ 16 —+/200

Xstruct = 5 = 0.93, (2.228)
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(a) Disjoint Capacity Matrix Sectors K (b) Capacity Ceiling & Multiscale Reserve

S5 s, 3

B | AT
D K™ internal cut (v/2)
5 1

(O & portut (v/2)

5 1 1 6
Kj: external bath

Ko, Ka)r=0, Qiorar =vol($) =16

Ceiling Qrora1 = 16

Boundary Cut Load Qj (links)

Internal Memory Load Qo (links)

FIGURE 2.3: Frobenius-orthogonal Capacity Ledger and multiscale free-capacity
compression on the nine-node dumbbell subsystem (degree volume
Qota1 = 16links, Theorem 2.4 and Example 2.6). (a) Disjoint entry-
wise support of the partitioned capacity matrix K (2.115), separating
diagonal intra-basin memory K, (K,, = 6, teal) from hollow internal
transition cuts Kgm) (Ki; = 1, light navy) and external boundary ports

ngXt) (K;, = 1, crimson) with vanishing Frobenius cross-products
(Kq,K;)r = 0. (b) Euclidean capacity plane (Qq, @,) bounded by the
quarter-circle ceiling @3 + @3 < @2 ,.,. The level-1 two-basin par-
tition IIY retains substantial radial free reserve @Se)e ~ 7.28links
( )(S(tlr)uct =~ 3.64, thlr)uct =~ (.86, teal), whereas monolithic level-2 coarsen-

@ 14.14 links) and

alloc

ing IT® shifts cut capacity into diagonal load (@
compresses eree to 1.86 links (crimson).

(2

free

0.12 (2.207). Whereas W saturates (2.218) across M = 2 balanced registers
of capacity K,, = 6, coarsening S into a single monolithic block (M = 1)
raises single-block depth I;; from In6 to In 14 (Example 2.5) only by con-

with structural consciousness thzr)uct =~ 0.13 and free-capacity share 5

centrating all internal links into KS(Z) = 14, inflating @), and compressing
Qfree from 7.28 to 1.86 < |3S] in accordance with (2.220) (Figure 2.3). ¢

2.5 SPECTRAL DIMENSIONS AND EMERGENT DYNAMICS

On the relational graph G = (V, E), vertices carry no spatial coordinates,
edges carry no lengths, and no external clock parameter exists. Under an
admissible partition IT, the subsystem initially consists only of M unordered
CCE registers coupled by the capacity matrix K. Both the emergent coordin-
ate geometry and the continuous equations of motion arise directly from this
relational operator. First, the spectrum and second-order operator products
of K and Li determine the coordinate embedding, effective dimension d,[IT],
resistance distance g, emergent proper and relational time, and algebraic
curvature of the coarse-grained state space (Section 2.5.1). Second, trans-
porting state across those spectral coordinates along emergent time projects
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the orthogonal split Kg = Kg + K(aint) and the Kulkarni-Nomizu capacity-

mobility tensor directly into continuous metriplectic dynamics (Section 2.5.2).

2.5.1 Spectral Dimensions, Emergent Time, and Metric Geometry

Throughout Section 2.5, we analyse the closed subsystem baseline where
DEXD = 0,50 K = Ky, Dg = D%nt), and Lgx = Dk — K in (2.101), before
Chapter 3 restores environmental driving across 9S. Because the block in-
dices @ € {1,..., M} are arbitrary bookkeeping labels, relabelling the rows
and columns of K by any permutation leaves the network unchanged, and
index differences |@ — f| carry no geometric meaning. For a candidate co-
ordinate vector ¢ € RM with entries ¢(c) to order the CCEs according to
their physical connectivity, registers coupled by a large boundary cut K,
must receive nearby coordinates ¢(a@) = @(f), confining large coordinate
jumps to narrow bottlenecks. As established in (2.104), the total cut-weighted
coordinate variation across Gk is measured by the coarse-grained Dirichlet

energy ¢' Lg¢.

Minimising ¢"Lg¢ unconstrained is degenerate in two ways: scaling ¢ — o
trivially drives the variation to zero, and assigning the same constant value
to every block via ¢; = (Tr Dg) /21, achieves T Lk, = 0 by collapsing
all M CCEs onto a single point. Eliminating scale collapse requires norm-
alising the degree-weighted variance §'Dg¢ = 1 so that each register is
weighted by its degree volume d,, while eliminating point collapse requires
each successive coordinate axis @y (k = 2,..., M) to be Dg-orthogonal to ¢;
and all preceding axes. By the Courant-Fischer min-max principle, the sta-
tionary directions of the Rayleigh quotient (2.108) under these constraints
are governed by the generalised eigenvalue problem of L relative to the
degree mass matrix Dg:

Lk¢r = i4Dxér. (2.229)
¢ Ddi = St (2.230)
T 1 K, _ 2
e = ¢1TCLK¢/< _ 7 Yazp M,b’(¢k(0!) P(B)) | 2
¢kDK¢k Zazl da¢k(“)2

with eigenvalues 0 = py < pp < -+ < pyy < 2 matching the spectrum
of Lyorm in (2.109). Notice how the orthogonal sectors of K divide roles in
(2.229)—(2.231): diagonal intra-basin memory K¢, cancels identically out of
the Dirichlet numerator Lg = ngt) - Kgmt)
K{(}int)

, which depends solely on inter-

register cuts
(int)
D;

, yet enters the degree-mass denominator Dg = K +

as local coarse-graining inertia weighting each register. The slowest
non-trivial eigenvector ¢, (the Fiedler mode) defines the coarsest principal
coordinate axis across Gk, and higher modes k > 2 resolve progressively
finer orthogonal axes.

Retaining all M — 1 non-trivial eigenvectors from (2.229) would trivially em-
bed the M registers into RM~1 without isolating the effective dimensional-
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ity of the coarse-grained state space. To calibrate the effective dimension
d, directly from the spectrum {,uk},]y:l, we examine how rapidly a localised
state spreads across Gk under the heat kernel e~*lnom_ where s > 0 denotes
an auxiliary dimensionless spectral diffusion scale probing network topo-
logy (distinct from the emergent time parameter ¢ calibrated below). In a
geometry with d; independent directions, diffusive spreading over scale s

fills a region whose effective volume grows as sd5/2

, causing the average re-
turn probability P(s) of remaining at the initial register to decay inversely
as s~ %/2.On a finite network (M > 1), this power-law scaling holds across
the intermediate diffusion window ! <« s <« !, after single-step dis-
cretisation transients (s < i) have decayed yet before diffusion saturates
the global bottleneck across all M registers (s > pi; !, where P(s) — 1/M).
Across this window, the logarithmic decay slope of P(s)—equivalently, the

Weyl cumulative eigenvalue count—calibrates the spectral dimension dg[II]:

M
1 1
P = T _SLnorm = — “HKS _dS/z, 2232
(s) i r(e ) M kZ::l e S ( )

_Zdln P(s)
dIns
ke >2 g <} ~ p/2. (2.234)

dJI] := (2.233)

Because Ly, depends on the partition II, the spectral dimension d[II] is
a functional of the coarse-graining and substrate connectivity: while spe-
cialised connectivity networks can operate at d; = 1 (linear chains and
pipelines), d; = 2 (planar circuits and membranes), or d; >> 4 (dense neural
and relational graphs), for physical spacetime d; = 4, comprising three spa-
tial dimensions and one temporal dimension (Chapter 6).

Retaining the d; slowest non-trivial eigenvectors constructs the spectral co-
ordinate map ®, completing a two-stage linear reduction from the coordinate-
free vertex space to the spectral coordinate chart /e,

II [
RV — RM — Mo = R%, (2.235)
@ :=[gy,.... P 41] € RME, (2.236)
T
2(a) :=®Te, = ($(),.... g 4+1(a)) €R%. (2.237)

On this coordinate chart, metric distance cannot be measured by shortest-
path hop counts, which ignore cut widths and parallel pathways, because
relational transport sums over all parallel paths weighted by their conduct-
ances K, 4. Injecting a unit flux at register  and extracting it at register 5
via Lgzgs = e, — ep, inverted on the zero-sum subspace 1*4 by the Moore—

Penrose pseudoinverse LT, produces a potential drop equal to the intrinsic
Klein-Randi¢ resistance distance Qup [85]. Because e, — eg is orthogonal
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to span(1y), Q.4 expands directly in the generalised eigenbasis (., $) of
(2.229):

Qup = (e —ep) Ll (ey —ep) = Li o + Lit g — 2LT 15 (2:238)

M
Qup = Y, i ($eler) - ¢k(ﬂ))2- (2.239)
k=2

Equation (2.239) shows that Q,p is the exact squared Euclidean distance

in gy V2 gcaled spectral coordinates, with vol(S) Q4 giving the random-
walk commute time between registers « and f. Because higher modes (k >
ds + 1) are suppressed by 1 ! truncating (2.239) to the d; slowest modes
expresses effective distance directly on z(a), while in an open subsystem en-
vironmental port resistance enters analogously through the effective Schur-
complement Laplacian Leg (2.34).

How these spectral axes partition across space and time—and how temporal
duration is calibrated—depends on whether IIg resolves multi-epoch his-
tories or instantaneous configuration states. In a multi-epoch causal-history
partition (M > 1), IIg indexes coarse-grained blocks across successive per-
sistence epochs without assuming an external clock. When intra-epoch spa-
tial cuts exceed inter-epoch persistence bottlenecks, the slowest non-trivial
eigenvector @me = ¢, takes constant level-set values across coexisting
registers within each epoch, foliating {1,..., M} into N; disjoint sequential
slices S, ordered by strictly increasing Fiedler coordinate:

S i={aefl,.. M} : dyme(@) = ), (2.240)
(1) (2) (N;)

time < ¢time << ¢time’ (2.241)

N
{L...M=| |s. (2.242)

=1
Within this foliation (d; = 1+ ds* atial), &iime supplies a single emergent tem-
poral axis while the Dg-orthogonal modes @ (k > 2) align coexisting spatial
registers x € S, across sspatlal = d; — 1 spatial axes governed by Q4. Or-

dering slices via (2.240)-(2.242) establishes discrete succession without yet
fixing duration, which separates into three nested tiers: intrinsic observer
proper time on S, relational reference time against an external sub-block,
and standardised clock units. At the intrinsic tier, Axiom I (2.125) guaran-
tees K(; x)(rx) = 2links on every connected slice register (z,x) (x € S;).
Summing the logarithmic coarse-graining depths (1.33) across slice S; defines
the observer’s dimensionless intrinsic slice proper-time increment At ,;(7) (in
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nats), the cumulative intrinsic proper-time horizon 7, v (in nats), and the
normalised proper-time weights w;:

Atyat(7) 1= > InK(p ) () > IS:/In2 > 0, (2.243)
X€ES;
NT

ToatT = D, Anar(7), (2.244)
=1

A
i = DD (2.245)
That,T

whose strictly positive weights w, sum to unity across the N; slices, accu-
mulating up to slice 7 into the observer’s partial proper-time sum 7,,,;(7) (in
nats):

T T
That(7) 1= Z Athat($) = TatT Z Wy (2.246)
s=1 s=1

Because a fixed slice degree budget splits between diagonal memory K(; 1) (7 x)
and boundary transition cuts, diverting capacity from K¢ into K, strictly

reduces K(; y) (r.x) and contracts Az,,(7). At the relational tier, comparing

durations or operational rates across distinct systems without positing a

background clock resolves a stationary reference sub-block So¢ C S inside

K whose internal capacity maintains a constant slice proper-time increment

Ater > 0 (in nats) across the N;-slice reference horizon N;Az..¢ (in nats).

Normalising each slice increment by At relates 7,,¢ 7 to N Atyer through

the slice-mean lapse ratio (nats/nat) and leaves the proper-time weights w;,

identically invariant:

N,
T _ 1§ Anai(r) (2247)
Ny Atpet N; =1 Atyef ’
ATt (7) [ ATrer _ At (7) (2.248)

T N
Ys=1 Atar(8)/ Atiet That,T

Complementarily, in a single-epoch state-space partition of configuration di-
. spatial . . . .
mension n := ds , Il groups coexisting configuration registers while
sequential updates advance along the internal memory diagonal K¢, (2.88).
Both the local step count k € IN;, along a trajectory and the collective count
ko € INj of elementary internal memory updates across all Tr(Kq) retained
internal channels are dimensionless integers. At the standardised clock tier,
normalising the subsystem’s intrinsic proper-time distinction increment dz;,¢
(in nats) by its own active rest-frame reversible distinction rate Qg > 0—
or equivalently normalising collective channel updates dkq by vy Tr(Kg) at
constant elementary substrate step cadence 1, > 0—defines the subsystem’s
standardised proper-time increment dr:

dkg = Tr(Kq) dk, (2.249)

dn _dkg 250
Qp  wTr(Kg) '

dr :
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Prior to external clock selection (vy = 1 per substrate step), dr counts local
internal steps dk while collective channel updates advance by Tr(Kq) > 2M
links per step under Axiom I. On any non-empty uncoupled vertex core
So = S\'S;, the interior sub-Laplacian Loq (Section 2.1.2 and Section 3.2.1)
shields core transitions identically from external boundary perturbations.
Whereas Atp,(7) (2.243) sums logarithmic coarse-graining depths across a
causal slice (in nats), collective channel updates dkq (2.249) scale linearly
with Tr(Kg,), a distinction reconciled via concavity and the Margolus—-Levitin
bound [106] in Section 6.1. Because any embedded subsystem obeys @,jjoc <
@yotal, Sustaining internal clock progression without unbounded register al-
location or continuous erasure requires wrapping internal updates into com-
pact, volume-preserving periodic orbits that cyclically reuse a finite register
set. Metering state displacements at rest relative to S..f (dr = dt) and inter-
register transitions per local step defines relational velocities and single-step
transition probabilities via the Page-Wootters mechanism [127]:

dz dz dz
P = — = Qp— = vy Tr(Kp)—, 2.251
z ar O Ao vp Tr(Kq) kg ( )
Kap  Kap  Apos
Ta—>ﬁ = da =~ Fm —e barrier,a— ((X =+ ﬁ) (2252)

Because T3 depends solely on K,z and the local degree d,, adding un-
coupled registers outside S, u Sy leaves the transition probability between
a and f strictly invariant. Metering coordinate time strictly against the ex-
ternal reference sub-block S.r at its own reversible distinction rate Q¢ >
0 fixes the discrete reference slice coordinates t;, the shared reference co-
ordinate horizon T, and the continuous reference-time increment dt (distinct
from observer partial proper time 7,,,;(7) in (2.246) whenever At,,(7) varies
across slices):

_TAner 1

b= L, (2.253)
’ Qref NT
N, A
T o= S e (2.254)
Qref
d
dt = —xef. (2.255)
Q1ref

Selecting SI seconds requires no separate time variable, as it simply chooses
an agreed-upon physical reference oscillator for S..f of defined reversible
rate Q¢ > 0 in natss™! (versus Q¢ = 1 in uncalibrated reference nats),
fixing vy in s71 and Qg in nats s 1 sothatt, r, and T carry seconds dir-
ectly while dr = dt holds for every subsystem at rest relative to S, despite
distinct internal capacities Qg # Qef. In the large-capacity, fine-slice con-
tinuum limit (K(; ) (r.x) > 1, N; > 1) where the maximum slice weight w;
vanishes inside the spectral diffusion window of (2.232) at non-zero Fiedler
gap tio(Lporm) = Ag > 0, t, converges to smooth reference coordinate time
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t € [0, T] while dr integrates to elapsed standardised observer proper time
7r and normalised proper-time weight:

T That,T
=] dr= , (2.256)
0 Qg
dr,
Qtnat _ dr (2.257)
That,T T

Slicing perpendicular to @ isolates a static cross-section S, governed by
(Xstructs Kstruct )» Whereas aggregating proper-time-weighted stability and dis-
sipation across the slices Sy, ..., Sy, yields the through-time efficiencies yr
and xr developed in Chapter 3. Later, in Chapter 6 (Section 6.1), non-planar
signal routing ( fpaﬁal > 3) and Gauss-law orbital stability (ds" atial 4)
fix ds* atial _ 3 and hence total spectral dimension d; = 4, while project-
ing (Kq,Kj)r = 0 onto a differential update interval yields the Lorentzian
spacetime interval.

EXAMPLE 2.7 (Spectral Ordering, Resistance, and Proper Time). Consider
an assignment IIg € {0, 1}N*® that coarse-grains the subsystem subgraph
G[S] (N = Ny) into a 6 x 6 capacity matrix K = Kg over M = 6 CCEs ordered
as (1A, 1B,2A, 2B,3A, 3B), maintaining two coexisting CCEs (A, B) across
three sequential persistence epochs (r = 1,2,3). Coexisting CCEs within
each epoch share a spatial cut K;4 ;g = 4, consecutive epochs are linked
by temporal transition cuts K; (r11)x = 2 for x € {A, B}, and even diagonal
capacities Ky 1 = 42, K3y 3, = 42, and Ky, 55 = 40 (corresponding to 21 and
20 undirected intra-register links under Axiom I) give every CCE a uniform
degree volume d, = 48 with Dg = 48 1. Because diagonal self-loops cancel
in Lx = Dk — K, the capacity Laplacian decomposes as a Kronecker sum
across the temporal and spatial factors:

Lk = Ltime ® Iy + I3 ® Lypace, (2.258)
2 -2 0
Lime =|-2 4 -2|, (2.259)
0 -2 2
Lypace = ( ! _4>- (2.260)
-4 4

With Dk = 481, solving the generalised eigenvalue problem (2.229) across
the Kronecker factors yields the exact eigenvalues . equal to 0, 1/24, 1/8,
1/6,5/24, and 7/24, with slowest temporal mode @i = @5 (1 = 1/24) and
lowest spatial mode @gpace = Py (g = 1/6):

1 T
Prime = %(—1,—1,0, 0,+1,+1)", (2.261)
¢space = L(_1:‘f‘1,_1,‘i‘1,—1, +1)T. (2.262)

1242
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Summing (2.239) over the non-zero modes yields the intra-epoch spatial res-
istance Q4 op (from py = 1/6 and pig = 7/24) and the end-to-end temporal
resistance Q434 (from p1, = 1/24 and ps = 5/24):

1 2 5
Q = —+ —=—=0.18, 2.263
24287 99 T 51 28 (2.263)
1 1 3
QlA,3A = E + E = g = 0.60. (2.264)

Evaluating the intrinsic slice proper-time increments (2.243) across the three
foliated slices shows that diverting two units of capacity into the additional
interior temporal cut reduces diagonal capacity from 42 at the outer epochs
to 40 at 7 = 2, producing discrete proper-time dilation at the interior slice:

Atpat(1) = Arai(3) = 21In 42 = 7.48 nats, (2.265)
A14:(2) = 21n 40 = 7.38 nats. (2.266)

The slowest mode @i, orders the three epochs sequentially (t =1 < 2 < 3)
with intrinsic slice durations Az,(7) summing to 7,,,¢ 7 = 22.33 nats, while
¢Space separates the coexisting CCEs A and B at every epoch onto a (1 + 1)-
dimensional grid. O

Only a uniform lattice with identical degree volumes d, and uniform bound-
ary cuts K, s embeds isometrically into flat space R%. When coarse-graining
concentrates heterogeneous capacities across Gk, the emergent coordinate
chart is intrinsically curved. Whereas single-step differences in Li cancel di-
agonal capacities K, two-step propagation Li subtracted from D% retains
K, through symmetrised degree coupling minus two-step path summation
K?. With degree vector d := D1y, of block entries (d,).,, subtracting
the diagonal neighbour-degree dispersion diag(Kd) removes the flat-lattice
baseline so that the row divergence Ricg 1)y = Lgd vanishes whenever de-
gree volumes are uniform, defining the symmetric rank-2 capacity-Ricci op-
erator Rick and scalar curvature Scalk:

M
diag(Kd) g :=8up ) Kaydy (2.267)
y=1
(RiCK)aﬂ 1= (da + dﬂ)Kaﬁ - diag(Kd)aﬁ - (Kz)aﬁ, (2.268)
M
Scal := Tr(Rick) = Y (Ricg)uq- (2.269)
a=1

LEMMA 2.6 (Capacity-Ricci Laplacian Identity). Let K be the capacity mat-
rix, D its diagonal degree matrix with degree vectord := Dg1y, andLg :=
Dk — K the capacity Laplacian (2.101). Subtracting the diagonal neighbour-
degree dispersion diag(Kd) (2.267), the capacity-Ricci operator (2.268) identic-
ally satisfies:

Rick = D — L — diag(Kd). (2.270)
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PROOF. Expanding the squared capacity Laplacian L%( = (Dkg — K)? and
evaluating the symmetrised product DgK + KDk entrywise gives:

Li = Di — (DK + KDg) + K2, (2.271)

(DK + KDK)aﬂ =(d, + dﬂ)Kaﬁ’ (2.272)

(DK + KDg) - K? = D} — LZ. (2.273)
Subtracting diag(Kd) from both sides of (2.273) recovers (2.268). O

Equation (2.270) forms the discrete relational counterpart of the Bochner—
Weitzenbock identity and the Bakry—-Emery T, criterion [8], complementing
cell-complex curvature [58] and optimal-transport Markov curvature [123]
by retaining intra-register multiplicities directly through Kg. Separating di-
agonal and off-diagonal summands in (2.268) yields the exact diagonal re-
duction at each CCE a:

Rick)aw = ., Kap(Kea —dp — Kup). (2.274)

P*a

Writing d, = Ky + (Lg)ae for the inter-register cut degree (L), (2.106)
and summing (2.274) over all M blocks cancels K, identically by symmetry
Kup = Kpg (Axiom III), leaving a strictly negative cut-determined global
scalar curvature on every connected multi-block capacity graph (M > 2):

M
Scalg = — Y (Li)&q — IK;l% < 0. (2.275)

a=1

Because D%—diag(Kd) = diag(Lkd), (2.270) contracts to Rick = diag(Lgd)—
L%(, and Lemma 2.3 (2.170)-(2.172) gives its exact coarse-graining commut-
ator across II® = TVp:

[Ric, p](K() = diag(PTLYEpd™®) — PTLYERLLP. (2.276)

On a loopless graph with K,, = 0, every connected neighbour contributes
a negative summand in (2.274), rendering branching interconnect networks
intrinsically hyperbolic and prone to central bridge congestion (Chapter 7).
Conversely, when @p pools intra-cluster co-members across Ep in (2.276) so
that K, > dg + K, concentrated internal multiplicity generates positive
local curvature surrounded by compensating negative throat curvature on
lighter flanking neighbours while preserving (2.275) (Chapter 6).

Lifting symmetric rank-2 operators to rank-4 curvature and mobility tensors
relies on the Kulkarni—Nomizu product h ® k [91, 120], which automatically
satisfies pair antisymmetry, pair interchange, and the first algebraic Bianchi
identity:

(h® k)aﬁ)/& 1= haykﬂé - ha(gk‘g}, + kayh[)’5 - kaﬁhﬁ)u (2.277)
(h® k)aﬂy5 +ho k)aySﬂ +ho k)a5/3y =0. (2.278)

On the M-register block space RM (M > 3), pairing the symmetric Schouten
capacity operator Sg with the identity I,; defines the Weyl-free algebraic
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capacity curvature tensor £, whose single and double contractions recover
Rick and Scalg identically:

Sk = ﬁ (RiCK —Z(SAZ;EH_KI)IW, (2.279)
Rk =Sk O Iy, (2.280)
M
(Zapyp = Rick) gy - (2.281)
p=1

Here % acts algebraically on RM with denominators M — 2 and 2(M — 1),
whereas once continuum metric closure projects onto a three-dimensional
spatial slice (d = 3) in Chapter 6, vanishing of the tangent-space Weyl
tensor similarly reconstructs the full spatial Riemann tensor from spatial
Ricci curvature on T2

EXAMPLE 2.8 (Curvature of a Heavily Coarse-Grained CCE). Consider three
CCEs (M = 3) connected along a chain by unit boundary cuts between adja-
cent registers, where two light outer registers of internal capacity 10 flank a
heavily coarse-grained interior register of internal capacity 100:

10 1 0

K=|1 100 1| (2.282)
0 1 10

Dy = diag(11, 102, 11), (2.283)
1 -1 0

Lg=[-1 2 -1 (2.284)
0 -1 1

2 -3 1
LZ=|-3 ¢ -3 (2.285)
1 -3 2
diag(Kd) = diag(212, 10222, 212). (2.286)

Evaluating the capacity-Ricci identity (2.270) and trace (2.269) (matching
(2.275) at cut degrees (1,2,1) and ||Ka||12: = 4) gives:

-93 3 -1
Rick =| 3 176 3 |. (2.287)
-1 3 -93

Scalg = —10. (2.288)
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(a) Spectral Chart & Resistance Metric (b) Capacity-Ricci & Schouten Curvature

200 (Rick)zz = +176
1B 2B 3B

U
12y/2
100 1

o

Spatial Spectral Mode $pace
Algebraic Curvature

-100 7 (Rick) = -93 (Rick)ss =93

Quasa=1 ~200 1 (RK)ms=-181 (Scalk=-10)

S S Ss

2

Temporal Spectral Mode dyme Three-CCE Chain Register (Ki; =10, Kz =100, Ks3=10)

FIGURE 2.4: Emergent spectral coordinates, resistance metric, and algebraic
curvature on coarse-grained capacity networks (Examples 2.7 and 2.8).
(a) Spectral embedding ® = [Pyme, Popace] (2.261)-(2.262) of six un-
ordered CCEs (1A, 1B, 2A, 2B, 3A, 3B) with uniform degree d,, = 48, or-
dering three sequential persistence epochs (r = 1, 2, 3) along ¢, and
separating coexisting registers (A, B) across ¢y,,c., with tighter intra-
epoch spatial resistance Q, 4,5 = 5/28 (teal) than multi-epoch separa-
tion Q434 = 3/5 (light navy). (b) Diagonal capacity-Ricci curvature
(Rick )y (2.287) and Schouten sectional curvatures (R )ypqp (2.290)-
(2.291) along the three-CCE chain (K;; = 10, K;, = 100, K33 = 10): con-
centrated internal multiplicity generates positive attractor curvature
+176 (adjacent sectional curvature +88, teal) flanked by negative outer
throat curvature —93 (end-to-end sectional curvature —181, crimson),
summing to Scalg = —10.

At M = 3, the discrete Schouten operator (2.279) and the sectional compon-
ents of Zk (2.280) evaluate to:

Sk = Rick —i Scalg Iy = Ricg +§13, (2.289)
(Rx)1212 = (RK)2323 = +88, (2.290)
(#1313 = —181. (2.291)

In agreement with (2.274), the heavy interior register carries positive local
curvature +176 and positive adjacent sectional focusing +88, while the two
lighter outer registers carry negative throat curvature —93 and negative end-
to-end sectional curvature —181, showing how concentrated internal capa-
city warps the surrounding relational metric (Figure 2.4, Chapter 6). O

2.5.2 Emergent Dynamics and the Metriplectic Continuum

spatial
s

5

On a single-epoch configuration partition of spectral dimensionn :=
the spectral coordinate map ® (2.236) assigns each CCE register « € {1, ..., M}
a configuration vector z(a) = (z'(), ..., 2"(a))" € R", where z/(a) : = P ()
(i = 1,...,n) denotes the i-th retained spatial eigenmode. Why can z € R"
alone not form a closed dynamical state, and how do symmetric capacity
matrices (Agg = AT, K¢ = Kg) generate both antisymmetric Hamiltonian

SS’
circulation and symmetric dissipative relaxation? Whereas A g is symmetric
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because undirected links {i, j} € E(S) specify structural channels, instantan-
eous transport across {i, j} is directional and forms a real skew-symmetric

edge-flow matrix J = —J7 € RNV*N supported exclusively on active links:
Jij = =Jjis (2.292)

On this |E(S)|-dimensional flow space equipped with the Frobenius inner
product (2.185), vertex potential differences of any state xg € RV drive the
gradient edge flow Jgraq(Xs), whereas divergence-free circulation around
closed cycles forms the Kirchhoff cycle subspace where net vertex flux Jeyc 15
vanishes:

(Jgrad(XS))ij = Aij(xi - xj): (2.294)
Jgrad(xs)15 = L‘;;“t)xS, (2.295)
JCYCIS = 0. (2.296)

Equations (2.294)—(2.296) partition edge transport on G[S] into two Frobenius-
orthogonal algebraic sectors that transform oppositely under the coarse-
graining projection ITs.

LEMMA 2.7 (Cycle-Gradient Orthogonality and Sector Split). Let G[S] =
(S, E(S)) be an undirected subgraph partitioned by an admissible assignment
IIs € {0, 11N*M into connected blocks {Sa}y:l of vertex counts N, = |S,| and
diagonal capacities Koo = 2|E(S,)|. Every Kirchhoff cycle flow Joy satisfying
(2.292)—~(2.296) is orthogonal to every gradient flow Jgraa(Xs) (Xs € RN), while
lifted block potentials Igzg (zg € RM) excite exclusively inter-block cut gradi-
ents matching the Dirichlet energy (2.104):

<chc’Jgrad(XS)>F =0, (2.297)
1 2 7

gr = 2 0. .
S Wgraa@szs)|p = zgliczs > 0 (2.298)

Furthermore, intra-block Kirchhoff cycle flows Jo = —Jg supported on the in-
ternal edge sets E(S,) span a subspace of dimension |E(S,)| — N, + 1 on each
connected block G[S,] (non-zero if and only if K,, > 2N, ), vanish under con-
gruent block compression, act as skew-symmetric operators inside the residual
fluctuation subspace im(Qyy), and conserve the Euclidean norm of every state

vector Xg € RN:

L JoIs = o, (2.299)
OmloQn =Jo = -J5,. (2.300)
xJoxs = 0. (2.301)

PROOF. Using skew-symmetry (2.292), active-link support J;' Ay = J57°
(2.293), and Kirchhoff balance (2.296) evaluates the Frobenius inner product

(2.185):
<chc,.] grad(XS ) Z chyc ij (6 — )

i,jes

=2 Z xi(chcls)i =0

€S

(2.302)
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establishing (2.297). For a lifted potential xg = IIszg (2.51), intra-block edges
{i, j} € E(S,) share identical values zg, and vanish in Jgr,q(Ilszs), whereas
Aizj = A;j across inter-block cut edges E(S,, Sp) (¢ # f) yields (2.298):

1 2 1
EHJgrad(HSZS)” F=5 > Koplasa — z5,)* = 2iLgzs > 0. (2.303)
a#f

On each connected block G[S,, ], gradient flows span an (N, —1)-dimensional
subspace inside the |E(S,)|-dimensional space of skew-symmetric edge flows
on E(S,), leaving an orthogonal Kirchhoff cycle complement of dimension
|E(S,)|— N, + 1, which is positive by (2.90) if and only if K,, > 2N,,. Because
Jo is block-diagonal across {S,}) | and satisfies Kirchhoff closure on each
Sg» it annihilates every block indicator column 7, and hence both II§ and
the block-averaging projector Py (2.57):

Jolls = o, (2.304)
JoPn = PJq = o. (2.305)

Left-multiplying (2.304) by Hg yields (2.299), substituting Qq = Iy — Py
(2.60) into (2.305) gives (2.300), and skew-symmetry JST) = —Jq reverses the
sign of the scalar X;-JQXS under transposition to establish (2.301). O

Lemma 2.7 explains why the capacity matrix Kg (2.86) is purely symmet-
ric, since congruent block compression annihilates Jq via (2.299), and why
z € R" alone cannot close the coarse-grained dynamics. Because K can-
celled identically out of the Dirichlet numerator Lg in (2.231), z records
where a state sits across inter-register boundary cuts while omitting two
intra-register sectors concealed inside the fluctuation subspace of Qp. On
a tree block with K,, = 2(N, — 1), the cycle space is trivial Jo = o)
and relaxation is purely overdamped. Whenever finite relational capacity
(Qalloc < Qyoral) closes cyclic subgraphs inside G[S,] at K, > 2N,, how-
ever, Jo # o generates canonical skew-symmetric symplectic pairs inside
the fluctuation subspace. On each three-vertex triangle lobe G[S,] = K3 of
the nine-node dumbbell graph in Example 2.1 (N, = 3, K,, = 6), projecting
the unit triangle cycle matrix J, onto an orthonormal fluctuation basis U,
on S, yields the canonical 2 x 2 symplectic block directly:

0 1 -1
Jei, ' =]1-1 0o 1|, (2.306)
1 -1 0
/2 1/46
U, :=|-1/V2 1/V6 | (2.307)
0 -2/6
T 0 1
UJk, Uy =3 o) (2.308)

Across the n retained spatial modes, these cyclic currents inside Kg pair
each configuration coordinate z' with a conjugate momentum p; to form p €
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R"?, while the remaining unoriented internal link capacity K,, compressed
into im(Qyy) defines the coarse-grained logarithmic capacity S = In K, (in
nats). Adjoining both intra-register sectors to z completes the closed coarse-
grained state vector Z:

Z:=(".pT.5) € T =R¥, (2.309)

Equation (2.309) lifts the n-dimensional spectral configuration chart of Sec-
tion 2.5.1 onto a (2n + 1)-dimensional state manifold Z capable of tracking
both inertial oscillation and lossless energy-to-entropy conversion (forn = 1,
Z = (x,p, ST e R3, asin Example 2.9).

How do the spectral modes of Lg govern state transport across Gg? Across
the capacity network, K specifies structural channels rather than active cur-
rents, so a vanishing boundary cut strictly forbids coarse-grained flux across
that channel:

Kyp=0 = Jup=0, (2.310)

whereas a positive cut K;3 > 0 conducts state transitions across the spectral
coordinate jump Az, p = Zi(@) — Z'(B). Weighting outer products of these
coordinate jumps by K, defines the local positive-semidefinite spectral cut-

conductance matrix 3V (e) at each register @, whose global sum over all M
registers evaluates directly via the eigenproblem (2.229)-(2.230):

. 1 ; ;
Si(a) := > > Kup Az} Az(’zﬂ >0, (2.311)
Pra
M .
Y. ) = ¢ Ly, = 5y (2312)
a=1

Equations (2.311)—(2.312) establish the direct dynamical role of the spectral
coordinates derived in Section 2.5.1: the retained eigenmodes z' form the
global orthogonal principal axes of boundary transport across G, with each
eigenvalue gy, setting the global cut conductivity along axis 2! in exact recip-
rocal duality to the resistance metric weight ,u]:l_l in (2.239).

Along the continuous reference clock t € [0,T] of (2.253)—(2.255) at large
block capacity (K, > 1), combining the orthogonal split of Kg into Kg and
Kgmt) (2.186) with Lemma 2.7 decomposes Z into two complementary vector
fields generated by a conserved dynamical invariant H(Z) (total energy in
mechanical systems) and the coarse-grained logarithmic capacity S(Z) (in
nats):

Ztoy = (W2VH(2))" = J(2)3H(2), (2.313)
.giss = (M(Z)VS(Z))a = Mab(Z)abS(Z), (2.314)
where J% = —J% s the antisymmetric Poisson tensor projected from the

skew-symmetric intra-block cycle operators Jo = —J}z (2.300) (satistying the
Jacobi identity on canonical symplectic pairs (2.308)) and M = pmbe 0
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is the symmetric positive-semidefinite cometric tensor projected from inter-
block cut gradients (2.298). Within K¢, cyclic exchange between (z, p) pre-
serves intra-basin capacity K,, and phase-space volume by Liouville’s the-
orem (JVS = o), generating closed periodic orbits on level sets of H(Z) that
sustain internal clock updates across Kg (2.249). Complementarily, across
K((;nt), cut conductances drive irreversible gradient relaxation Zg;s towards
higher-capacity states, contracting phase-space volume into attractor basins
and supplying the directional arrow of time.

Why can the dissipative cometric IM(Z) not be chosen as an unconstrained
positive diagonal matrix? Because Conservation Congruence (Axiom III) for-
bids graph couplings and the conserved invariant H(Z) they carry from van-
ishing during coarse-grained relaxation: ordered kinetic or configurational
energy damped across boundary cuts must transfer equally into unresolved
internal capacity 6S, requiring MVH = o across Z. On the discrete capa-
city graph, pairing K with the positive diagonal degree matrix Dy via the
Kulkarni—-Nomizu product (2.277) defines the rank-4 capacity mobility tensor
M:

My =K O Dy, (2.315)
(ﬂK)aﬁaﬂ = Kaadﬂ + daKﬁﬁ >0 (a = p). (2.316)

Whereas the curvature tensor %k (2.280) changes sign across basins and bot-
tlenecks, Axiom I (K, > 2, (2.125)) guarantees that every distinct two-plane

component of ./ is strictly positive while pair antisymmetry (A )qpy,s =
—(AMK)pays holds identically. Mapping the spectral cut-conductance and
degree-mass operators onto the cotangent bundle T* Z as symmetric positive-
semidefinite mobility tensors o, > 0 defines the continuum dissipation
tensor R%? and the Morrison-Updike metriplectic 4-bracket for smooth ob-

servables A, B,C,D € C™(Z) [115]:
Rabcd - ( o ﬂ)abcd " ubd _ O.ad 'ubc + uac de _ uad O.bc’
(2.317)
(A,B;C,D)g := R%45,A9,Ba,Ca;D. (2.318)

Freezing the conserved invariant H into the second and fourth slots defines
the binary metric bracket (A, C) and the continuous cometric tensor IM(Z):

(A,C) := (A H;C, H)g = VA - M(Z)VC, (2.319)
M%(Z) := R%d(72)9,H 9;H = (o ® p)**49,H a,H. (2.320)
Because o is supported strictly on the active cuts of K via (2.311), K, = 0

forces the corresponding cometric channel to vanish, enforcing (2.310) auto-
matically.

Combining Poisson circulation (2.313) and Kulkarni-Nomizu metric relaxa-

tion (2.314) yields the unified metriplectic equation of motion and the Mor-
rison Casimir degeneracies [71, 83, 88, 114, 115, 126, 142]:

Z = J(Z2)VH(Z) + M(Z)VS(2), (2.321)

JVS = o, (2.322)

IMVH = o. (2.323)
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Both Casimir degeneracies {S,-} = 0 and (H,-) = 0 hold identically as con-
tinuum consequences of Conservation-Congruent Encoding: internal cyclic
circulation preserves coarse-grained capacity via JVS = o, while pair anti-
symmetry R%¢d = —Rbad gpnihilates VH identically along dissipative flows.
Moreover, for positive semidefinite o, u > 0, applying Cauchy-Schwarz
and the arithmetic-geometric mean inequality to the bilinear cross-terms
of VC - M(Z)VC confirms IM(Z) > 0 for every observable C:

(H,C) = R%y H 9,H a,C 9;H = 0, (2.324)
S={S,H}+(S,S) = VS-IM(2)VS > 0. (2.325)

In the overdamped limit where momentum relaxation outpaces configura-
tional drift (JVH — o) at substrate fluctuation scale 0 := (9H/3S), > 0 and
calibrated step cadence v, (s~%, (2.250)), coarsening fine spectral coordin-
ates via Theorem 2.2 maps each strongly persistent CCE S, (2(S,) > 1)
onto a continuous attractor basin 9%, C Z separated from adjacent basins
by saddle hypersurfaces 09,p. States relax intra-basin along IMVS at rate
Tr_e}ax ~ Vg ¥int(S,) while noise-activated escape across %, over saddle
barrier A®,_, g occurs at the exponentially suppressed Eyring—Kramers rate
[73, 89], matching discrete boundary conductance ¢,(S,) via the universal
barrier correspondence:

— - —AD 0
Tesgape =1 p2(Lnorm) = Trellax e Abanp/ ) (2.326)
(Da—>ﬁ K
0 ~ —Ingy(S,) = ln(K;m> = AIbarrier,a—>/3 ~InE. (2.327)
af

Continuous attractor basins thus correspond to regions of high diagonal ca-
pacity K,, > 1, whereas separatrix barriers correspond to narrow topolo-
gical bottlenecks K, 3 < Kp, (Table 2.1).

EXAMPLE 2.9 (Metriplectic Flow and Casimir Conditions). Consider a single
spectral configuration coordinate x = z! (n = 1) of inertia m in a poten-
tial U(x), paired with conjugate momentum p and unresolved bath multi-
plicity S (in nats) at substrate fluctuation scale & > 0 and friction coeffi-
cienty > 0 (in kg s™*, yielding momentum damping rate y /m). On the three-
dimensional state manifold Z = (x, p, S)T € R3 (2.309), the conserved total
energy H(x, p,S) and scalar gradients are:

2

H(x, p,S) = ;; LU + 65, (2.328)
m
o.U
VH = p/m|, (2.329)
0
0
vs=|o]l. (2.330)
1

Assigning the momentum-cut mobility o = diag(0,y/6,0) and entropic de-
gree weight p = diag(0, 0, 1), the Kulkarni-Nomizu tensor R = o ® p (2.317)
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is supported in the (p, S) two-plane with sectional component RPSPS = y /6.
Contracting R with VH via (2.320) alongside the canonical (x, p) symplectic
block yields the 3 x 3 operators:

0 10
J=]1-1 0 ol (2.331)
0 00
0 0
MZ) = —f0 w6 —mph| (2:332)
0 -mpd p?

Direct multiplication confirms JVS = o and MVH = o, and evaluating (2.321)
yields the closed flow, exact energy conservation, and non-negative entropy
production:

X p/m
pl=|—9U-(G/mp] (2.333)
S yp?/(m*0)
2 2
H=vH.7=-"2 oY =0, (2.334)
m2 m20
: yp°
§=VS-M(Z)VS = — >0. (2.335)
)

Projecting onto (x, p) recovers standard underdamped Langevin damping
p = —9,U—(y/m)p (and overdamped gradient drift in the high-friction limit
m/y — 0), while kinetic energy lost to friction is converted one-for-one into
coarse-grained multiplicity S. O

Table 2.1 summarises the complete structural dictionary derived across this
chapter: starting solely from an unweighted relational graph G = (V, E) and
an admissible assignment IT (Definition 2.1), congruent coarse-graining gen-
erates the multiscale capacity algebra (Theorem 2.2), the Capacity Ledger
with strictly positive free capacity Qge. > 0 and efficiency bounds (The-
orem 2.4 and Lemma 2.5), emergent spectral coordinates, proper time, and
Kulkarni-Nomizu curvature (Lemma 2.6), and closed-system metriplectic
dynamics from cycle—gradient orthogonality (Lemma 2.7, (2.321)). In an isol-
ated subsystem (0S = @), however, passive barrier persistence succumbs to
Kramers escape (2.326) and relaxes to equilibrium at maximum multiplicity.
Sustaining viability far from equilibrium requires re-opening the boundary
cut 9S # @, so Chapter 3 couples CCEs to driven environments, converting
free capacity Qg into active boundary control and elevating (¥struct» Kstruct)
to the dynamical operational metrics of physical intelligence (y) and con-
sciousness (k7).
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Discrete relational
graph

Continuous dynamical
limit

Physical and operational
meaning

Induced subgraph
GlS,]

Diagonal capacity
Koo = 2IE(S,)|

Intra-block cycle
flow Jo = —JST)
(Kaa 2> 2Na)

Laplacian
eigenmodes (., @)

Boundary cut
E(S,,Sg) of capacity

Kyp

Internal
connectivity y;,; =
H (Lnorm (G [Sa ] ))
Boundary
conductance ¢,(S,)

Strong persistence
E= Yint/d)a > 1

Combinatorial edge
conservation
(2.128)—(2.129)

Attractor basin B, C Z

Phase-space volume

vol(%,)

Poisson tensor J = —J"

and momenta p

Spectral chart z and cut
conductivity >

Separatrix saddle
hypersurface 0%,

Intra-basin relaxation
-1
rate T g, ~ VoVint
Eyring-Kramers escape
rate
TS .. Y/

Tescape —~ Trelax

Generator spectral gap

Tescape/ Trelax > 1
(AD,,5/0 > 1)

Metriplectic Casimir
constraints {S,} = 0,
(H,)=0

Configuration domain
supporting a coarse-grained
operational state.
Coarse-graining depth

L, = InK,, (nats) and
Boltzmann entropy

Sm(@) = kg In(vol(%,)/V,)
relative to cell V.
Divergence-free Kirchhoff
circulation inside im(Qp)
preserving capacity (JVS = o).
Principal transport axes with
global conductivity g4 and
resistance scale ji '

Narrow bottleneck channel
mediating transitions
between adjacent
coarse-grained states.

Rapid internal mixing and
equilibration restoring local
basin steady state.

Exponentially suppressed
escape across the saddle
barrier A®, 5 ~ —01In¢,.

Timescale separation
decoupling memory lifetime
from operational update
speed.

Exact physical bookkeeping
separating reversible
circulation from metric
dissipation.

TABLE 2.1: Dictionary connecting discrete relational subgraph constructs to emer-
gent spectral coordinates, metastable attractor basins, and continuous
metriplectic dynamics.
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PHYSICAL AGENCY, INTELLIGENCE, AND
CONSCIOUSNESS

An embodied physical system is not a mathematical abstraction. To sur-
vive and compute, it must maintain its internal structure against environ-
mental perturbations across an open boundary. Whereas Chapter 2 estab-
lished the architecture of Conservation-Congruent Encodings (CCEs), show-
ing how coarse-graining a relational substrate partitions couplings into in-
ternal memory and boundary cuts while generating emergent geometry,
curvature, and continuous metriplectic dynamics, this chapter builds on that
architecture across open boundaries to establish quantitative metrics for in-
telligence and consciousness. Expressing these properties as measurable effi-
ciencies rather than qualitative abstractions places biological and engineered
systems on a common physical footing.

This chapter is organised into five sections. Section 3.1 introduces physical
agency, contrasting closed-loop boundary preservation with passive sym-
bol transmission in classical communication theory. Section 3.2 couples the
agent’s metriplectic dynamics to an open environment across its boundary
cut, separating irreversible boundary dissipation from preserved internal
structure. Section 3.3 formalises intelligence (y) and consciousness (k) across
two complementary formalisms, capturing static structural capacity on a
graph cross-section (in links/link) and through-time trajectory efficiency
across the spectral dimension of time (in nats/nat). Across both formalisms,
intelligence measures preserved stability relative to boundary cost, while
consciousness measures that same stability barrier relative to internal model
structure. Section 3.4 defines physical emergence along a continuous co-
ordination scale, placing communicative signalling, endosymbiosis, and indi-
vidual systems on a single spectrum of boundary internalisation while show-
ing how scaling limits drive modular seed replication. Finally, Section 3.5
connects classical game theory to multi-system capacity networks by identi-
fying coupling payoffs with free-capacity gains and conserved efficiencies,
unifying non-cooperative equilibria, physical Nash bargaining, weakest-link
stability, and exhaustive versus generative dissipation.

3.1 AGENCY

Classical information theory begins with signal transmission: under what
conditions can a message selected at an emission point be faithfully repro-
duced at a destination? Foundational concepts such as Shannon entropy and
channel capacity quantify the reliable transmission of bitstrings through
noisy media [151]. In Shannon’s schematic (Figure 3.1), information flows
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4 X . w . Y
Information Source T Noisy Channel
Distribution p(x) I | Encoder: X— W I l Transition p(y| w)

N

Passive Sink

. X
Receiver
Decoder: Y— X

Destination ’

Noise Source

Entropy H(N)

FIGURE 3.1: Shannon’s classical communication architecture [151]. Information
transfer proceeds along a linear open-loop pipeline: an information
source selects a message X ~ p(x), a transmitter encodes it into a
channel signal W, a noisy channel governed by transition law p(y | w)
perturbs W via an external noise source N (entropy H(N)) to produce
the received signal Y, and a receiver decodes Y into an estimate X de-
livered to a passive destination sink, optimising mutual information
I(X;Y) up to channel capacity C.

linearly from a source through an encoder, channel, and decoder to a re-
ceiving terminal. The semantic significance and physical consequences of
the message lie strictly outside this formulation. The receiver appears in the
communication model merely as a passive sink whose sole function is the
statistical reconstruction of symbols.

Physical agency shifts the question from how a passive endpoint reconstructs
symbols to how an embedded system maintains its internal structure across
an open boundary. An incoming signal is not an abstract token to be decoded,
but a physical perturbation across that boundary. It acquires operational sig-
nificance when it updates or stabilises a Conservation-Congruent Encoding
that constrains the system’s subsequent dynamics.

Because every CCE is realised on a finite relational substrate, acquiring, stor-
ing, computing, and resetting distinctions are physical transformations gov-
erned by the relational and dynamical conservation laws of Chapter 2. The
same invariants that constrain internal state transitions also govern external
flux exchange across the boundary cut (appearing in thermal substrates as
work and heat exchange), placing internal information processing and ex-
ternal action within a single conservation balance.

The two frameworks differ directly in their optimisation objectives. In Shan-
non’s theory, information transport is quantified by the mutual information
between the source variable X and received variable Y:

I(X;Y) = H(X) — H(X | Y). (3.1)

The conditional entropy H(X | Y) represents equivocation, the residual un-
certainty about the source remaining after observing the received channel
output. Mutual information measures the reduction in statistical uncertainty,
and channel capacity defines the supremum of this reduction across admiss-
ible input distributions:

C =maxI(X;Y). (3.2)
p(x)

Reconstructing the message completes the communication account.
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Two receivers that decode the same bitstring achieve identical mutual in-
formation I(X;Y), whether one is a passive recording tape destroyed by the
next environmental fluctuation or an adaptive organism that uses the sig-
nal to deflect the perturbation and survive. Rather than halting at symbol
reconstruction, physical agency asks how materially supported distinctions
sustain an operational stability barrier (Al,yrier ) against environmental dis-
persion. Maintaining this barrier imposes both an extrinsic boundary burden
from unpredicted environmental collisions across the interface cut (I, y) and
an intrinsic model burden to hold and maintain active internal representa-
tions (Iey ). As formalised across static network topology (links/link) and
through-time trajectories (nats/nat) in Section 3.3, intelligence (y) measures
the stability barrier maintained relative to boundary burden—rewarding pre-
dictive boundary alignment that tracks incoming perturbations smoothly
rather than suffering unaligned boundary collisions—while consciousness (k)
measures the same stability barrier relative to internal model burden, re-
warding compact, compressed internal representations over brute-force stor-
age. These metrics do not supplant Shannon’s channel formulations, but
extend physical accounting from passive symbol transport to closed-loop
boundary preservation.

3.2 OPEN SYSTEMS

Before defining operational efficiencies in Section 3.3, we must clarify how
an embedded physical system interacts with its surroundings and accounts
for information across its boundary. Under the open-observer factorisation
Cgﬁs = 61, ° €5 (2.82) of Chapter 2, two reductions meet at the interface
cut 9S: Schur boundary reduction across €5, which folds the external envir-
onment S onto the system’s exposed ports S, while leaving S uncontracted,
and congruent coarse-graining via éjy,, which contracts S into M < N col-
lective registers. Physically, Schur reduction captures how external reality
acts upon the system’s boundary, whereas coarse-graining models the sys-
tem’s own compressed internal projection of reality. Subsection 3.2.1 com-
poses these two operations to connect discrete relational graphs to open met-
riplectic dynamics on Z, and Subsection 3.2.2 separates irreversible bound-
ary dissipation from preserved internal structure.

3.2.1 Environmental Coupling and Open Dynamics

Recall from Section 2.1.2 (2.20)—(2.34) and Lemma 2.3 (2.171) that partitioning
the closed relational graph G = (V, E) into V = SuS across the boundary cut
dS separates the system vertices S = S, L S into exposed boundary ports
Ss (di(eXt) > 0) and the insulated interior core Sq (di(eXt) = 0). Eliminating S
via the inversion commutator of the screened Green’s matrix G, across €
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defines the effective Dirichlet-to-Neumann Schur Laplacian Legf, the envir-
onmental self-energy X.,,, and the spectral persistence ratio on Lgg:

Leff = LSS - zenv = L_(gi;lt) + (DgeXt) - 2:env)’ (3-3)
Zeny 1= _l]:(')_l’ Es](G,) = LsSLES}Lgs, (3.4)
A(Lss)
—_— > 1. (3.5)
A1(Lss)

Equations (3.3)—(3.4) leave the internal graph G[S] uncontracted while fold-
ing the external environment S onto the boundary ports S;. Within the three-

term decomposition (3.3), LS; v governs isolated transport across internal

edges E(S), the diagonal degree potential DéeXt) penalises outward Dirichlet
leakage across 95, and —Z,,, routes flux through the environmental Green’s

operator L 5_1 back onto S;. Unlike Shannon’s one-way channel (Figure 3.1),

outgoing actions at S, propagate through S and return to perturb sensory
portsin a closed physical loop. Because global closure on V enforces 2,15 =
DgeXt)15, the positive-semidefinite boundary residual DgeXt) —Xepy = O re-
stores exact conservation (Legr1g = 0) while vanishing identically on Sg. This
topological shielding insulates core channel updates on K¢, (2.249) from dir-
ect external bombardment, while spectral admissibility (3.5) ensures internal

mixing outpaces open boundary leakage (felax <K Tescapes Example 2.1).

Because an embedded agent possesses far fewer vertices than its surround-
ings (Ng << Ny), it cannot track every external degree of freedom individu-
ally. Instead, its admissible assignment matrix IIg € {0, 1} projects §
onto M <« Ng metastable CCE registers (Section 2.2). Applying the mat-
rix congruence €, (2.79) to (3.3) projects this boundary coupling onto the
coarse-grained capacity network:

Li eff = M{LegdTs = Ly + (DEXD —ZKenv)> (3.6)
SKeny = HiZenyIls = =G, ([() 71, 651(Gy)). (3.7)

Equation (3.6) preserves coarse-grained closure (Lk ¢ff1)y = o) while sep-
arating the agent’s two dissipative cut channels, where the internal capa-
city Laplacian Lk (2.101) governs inter-basin relaxation across internal cuts

Kgint), whereas DEXD —3K env = O acts exclusively on registers coupled to S

across the external boundary cut K((;Xt) (2.83). Intra-basin memory links Kq
cancel identically out of L (fr and enter instead through the block degree-
volume mass Dg (2.108), providing volumetric inertia and supporting in-
ternal state circulation.

Lifting the coarse-grained capacity architecture onto the spectral state mani-
fold Z via ® (Section 2.5) maps internal circulation on K¢, and cut relaxation
on Lk . onto the unified metriplectic generator metered by the emergent
clock t (2.253)—(2.255) [88, 114, 115, 142]:

Z =J(Z2)VH(Z) + M(Z)VS(2), (3.8)
M(Z) = Mq(2) + My(2). (3.9)
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Because G is globally closed and environmental coupling enters solely via
Lx ¢ff, no ad hoc external force vector is appended to (3.8). By Lemma 2.7, cyc-
lic subgraphs within K¢, generate divergence-free Poisson circulation along
constant-H level sets (2.313). Complementarily, pushing the additive split
(3.6) through the Kulkarni—-Nomizu 4-bracket (2.320) decomposes the comet-

ric M(Z) into an internal relaxation cometric Mq(Z) supported on Kgint)

and a boundary port cometric IM,(Z) supported on K((;Xt), both obeying the
channel support rule (2.310). Pair antisymmetry of the Kulkarni-Nomizu mo-
bility tensor (2.317) and (2.324) enforces the Morrison Casimir degeneracies
(2.322) and (2.323) across J, Mg, and M, for the total invariant H(Z) on
the extended state manifold Z, conserving total energy identically while
partitioning irreversible entropy production across internal and boundary
cuts. Marginalising external probe work onto a reduced subsystem state, by
contrast, requires Quantum Non-Demolition commutation to conserve the
subsystem Hamiltonian alone (Section 4.2.2).

3.2.2  Boundary Dissipation and Preserved Internal Structure

Why does physical accounting for an embedded system separate boundary
and internal quantities? Because coarse-graining IIg compresses a vast ex-
ternal environment S into M finite registers, evolution across emergent slices
incurs two distinct physical costs. Whenever incoming modes across ngXt)
exceed or arrive out of phase with the boundary state, the mismatch dis-
sipates across M, as irreversible boundary dissipation. Meanwhile, holding
those M registers in a displaced state within K, stores preserved internal
structure against relaxation across M. Along the emergent continuum time
t € [0,T] derived in Section 2.5.2 (metered against an embedded reference
sub-block S, via (2.247)—(2.255), carrying reference nats prior to clock se-
lection and seconds when S, is chosen as a physical reference oscillator),
contracting the entropy gradient VS(Z) (with S(Z) in nats) against the comet-
ric split (3.9) defines the internal and boundary entropy production rates (in
nats/nat against uncalibrated ,.¢, or natss~! when t is in seconds):

Ly o(t) :=VS(Z) - Mo(Z)VS(Z,) > 0, (3.10)
Lz o(8) 1= VS(Z) - Ma(Z)VS(4) > 0. (3.11)

On the coarse-grained capacity network (K,II) with dimensionless block
potentials zg(t) € RM on S and z5(t) € RMs on § (entries z54(t) and zg, #(t)),
boundary dissipation originates in potential mismatch across the external

cut matrix ngxt) (2.83), quantified by the cross-boundary Dirichlet mismatch
(in links):

M Mg
> (Mszs@)i - Mgzs))” = 3 3 (KEY) (250D 25,0) > 0.

{i.j}eas a=1p=1
(3.12)
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Equation (3.12) grounds the physical distinction between aligned and un-
aligned boundary interaction. Under predictive boundary alignment, an in-
ternal model that anticipates incoming environmental trajectories coordin-
ates its boundary port potentials ahead of impact so that zg 4 (t) tracks zg y(t)

across coupled ports ((Kl(;Xt))y » > 0), driving cross-cut strain and boundary

dissipation towards zero (f; 9 — 0). Conversely, under unpredicted bound-
ary collisions, an uncoordinated interface meets external perturbations out
of phase (z54(t) # z5 (1)), generating large cross-cut gradients that relax ir-
reversibly through M, (fi;; 5 > 0). Along multi-slice trajectories, this align-
ment parallels path-space selection principles such as maximum calibre [136]
and resonant matching to structured environmental inputs [132].

Across a discrete sequence of N; spectral slices 7 € {1, ..., N;} (Section 2.5.1),
summing the per-slice irreversible boundary dissipation AL, 5(7) > 0 (1.35)
defines the cumulative boundary dissipation Ij;; 57 in nats, passing in the
fine-slice continuum limit to the emergent-horizon integral of I, 5(t). When
t is metered in seconds via (2.255) at substrate fluctuation scale 0 (J nat™ !,
such as 6 = kgTy, in an isothermal bath at temperature Ti;,), multiplying
L 5(t) by 0 expresses instantaneous boundary dissipation power Pyigq 5(t)
directly in watts:

NT
Lot 1= Y Al o(2), (3.13)
=1
T
Lror = J;) Ly p(t) dt, (3.14)
Pyiss,o(t) = 0 Ly o(2). (3.15)

The integral I, 5 1 is invariant under reference-clock rescaling and measures
physical entropy dissipated across the interface cut 95, distinct from logical
Landauer bit erasure. A physical system dissipates finite boundary entropy
resisting unpredicted environmental collisions even when zero internal lo-
gical bits are erased.

Whereas [, g7 accumulates path-dependent dissipation across 95, the in-
ternal state measures the preserved structure retained within the intra-basin
memory sector K. On the capacity network of Chapter 2 (Section 2.3.1 and
Section 2.5.2, (2.137) and (2.325)), isolated internal cuts Kgmt) relax along
IMVS towards the passive degree-weighted baseline (d, / Tr(Dg) on Gk). Sus-
taining predictive states on Z requires holding internal registers at a posit-
ive state displacement AUpeq(t) > 0 (calibrated in joules at substrate scale 0,
or dimensionless Kullback-Leibler divergence on uncalibrated discrete net-
works) above this passive baseline. Dividing AUpeq by 6 (J nat”') defines pre-
served internal structure L., ¢ in nats, whose proper-time-weighted average
across slices by w; (2.248) passes in the fine-slice limit over elapsed stand-
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ardised observer proper time 7 (2.256)—(2.257) to the proper-time horizon
average Loy o T:

AUneq(t)
Irev,Q(t) = 0_, (3.16)
NT
IreV,Q,T = Z WTIrev,Q(T)y (3-17)
=1
1 (7
II'CV,Q,T = — J Irev,Q(T) dr. (3~18)
T Jo

Pairing cumulative boundary dissipation (3.13)—(3.14) with the proper-time-
weighted internal average (3.17)-(3.18) places Ly, 5t and L.y o 1 in identical,
clock-invariant units of nats, directly paralleling the discrete structural loads
@, and @, in links. Specifically, ; 5(t) dt integrates total boundary entropy
in (3.14) while dr cancels 7 in (3.18) via (2.257), leaving both quantities
strictly independent of S;.r and exact along general worldlines (Section 6.2.3).
Whenever the proper-time lapse rate is constant across [0, T] (as at rest re-
lative to S,er, where dr = dt and 7p = T), (3.18) reduces identically to the
coordinate-time average over [0, T].

. . int
Because internal barriers across Kg )

are finite (E < o0), spontaneous re-
laxation along Mg continuously pulls displaced states back towards the
passive baseline over a characteristic relaxation timescale 7e,x > 0 (meas-
ured in the same time unit as ¢, whether reference nats or seconds). Holding
AUneq(t) against this decay requires continuous internal maintenance dissip-
ation I, o(t) and maintenance power Py,int.o(t) (in watts when ¢ and 7.«
are in seconds), decomposing total entropy production orthogonally across

(3.9):

: Lev,0(?)
Iirr,Q(t) = L, (3.19)
Trelax
. 01 ,Q(t)
Pmaint,Q(t) = QIirr,Q(t) = %, (3.20)
relax
jirr(t) = .irr,Q(t) + jirr,a(t)‘ (3-21)

Equations (3.19)—(3.20) establish that committing large uncompressed capa-
city to a volatile internal model (Iey o >> 0 at finite 7.],¢) demands propor-
tionally higher maintenance dissipation to counteract relaxation, whereas
the passive baseline (AUyeq = 0) incurs zero maintenance cost.

Disconnecting active maintenance at instant #, allows the displaced internal
degrees of freedom to relax along Mg, towards their passive baseline [150].
Integrating the resulting relaxation dissipation rate jirr,Q(t) (calibrated en-
ergetically as heat power 0 [, o(t) in watts when ¢ is metered in seconds)
over ¢ > ty recovers AlUpeq(f), yielding an operational telemetry estimator
for preserved internal structure (in nats):

AUneq(tO) _ 0

IreV,Q(tO) = T = J.t jirr,Q(t) dt. (3-22)
0
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For metastable basins confined around a displaced operating point, integrat-
ing this post-disconnect relaxation (3.22) calibrates preserved internal struc-
ture across semiconductor and biological neuronal substrates (Section 1.3.3),
while vanishing identically on passive baseline wells.

33 INTELLIGENCE AND CONSCIOUSNESS

With the open metriplectic generator and trajectory integrals established,
we now construct the formal metrics of agency. Rather than defining intelli-
gence through arbitrary task scores or behavioural benchmarks, we ground
intelligence (y) and consciousness (k) in physical boundary defence and gen-
erative model economy across two complementary formalisms: static struc-
tural capacity on a discrete graph cross-section and through-time trajectory
efficiency across the emergent temporal coordinate.

3.3.1 Static Structural and Through-Time Trajectory Metrics

In the static structural formalism, slicing the capacity network perpendic-
ular to the emergent temporal axis @ijme (Section 2.5.1) isolates an instant-
aneous graph cross-section with total relational capacity Qo = vol(S).
Recall from Section 2.4.2 (2.200)—(2.203) and Lemma 2.5 (2.204)—(2.207) that
Frobenius orthogonality between internal memory load @ and boundary
cut load @, fixes the uncommitted free capacity Qpee = @total — Qallocs
the dimensionless structural efficiencies ygruct = CQfree/ @y and Kguct =
Ofree/ Qg (in links/link), and the free-capacity share ngee(Ystructs Kstruct)- 10-
gether, (Ystruct Kstruct) quantify static architectural headroom prior to traject-
ory execution, yet static link counts alone cannot resolve how a system acts
through time. Two networks with identical (Qq, @y, Qfee) perform very dif-

ferently depending on whether boundary channels K(geXt) meet incoming en-
vironmental fluxes in predictive phase alignment or absorb unpredicted col-
lisions, and whether a compact internal core K is reused cyclically across
epochs or duplicated statically across registers. Moreover, internal transition

cuts Kgnt) pooled into @, on a static slice separate dynamically into internal
relaxation Mg, in (3.9).

The through-time trajectory formalism evaluates agency across an ordered
sequence of N, spectral slices 7 € {1, ..., N;} (Section 2.5.1) carrying intrinsic
slice proper-time increments Az, ,;(7), reference coordinate horizon T metered
against Sy, elapsed standardised observer proper time 77, and proper-time
weights w; (2.243)-(2.257). On each viable slice 7 whose uncommitted free
capacity Qfe ; exceeds the elementary unit link @, := 1link, normalising
Qfreer against @, defines the dimensionless slice stability barrier Alyyyier(7)
in nats (written Aly,rier On a single slice). Averaging Ak, rier(7) across the
N, slices by the clock-invariant weights w, defines the dimensionless through-
time stability barrier Al,pvier . passing in the fine-slice continuum limit
via (2.257) to the proper-time horizon average (and coinciding identically
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with the coordinate-time average over [0, T| whenever the proper-time lapse
rate is constant):

@
Abarrier(7) 1= hl( féee,r) ) (3.23)
0
N, N, @f
Tee,T
AIbarrier,T ‘= Z WTAIbarrier(T) = Z Wr ln( 0 ) ) (3.24)
=1 =1 0
1 (7
AIbarrier,T = — J AIbarrier(T) dr. (3.25)
T Jo

Whereas the pairwise barrier Alyarrier,q—p (2.327) measures local Kramers
isolation between two coarse-grained registers & and B, Alyyrrier 1 (3.24)-
(3.25) measures uncommitted reserve across the open system as a whole.
On any slice with @; > 0 and M internal registers of diagonal trace Tr(Kg)
(2.249), substituting the strict multi-register ceiling (2.219) into (3.23) bounds
the slice barrier above:

@total - M71/2 Tr(KQ)
@, '

Alarrier < ln( (3.26)
Equation (3.26) reconciles local register depth with global system reserve
across register counts. Collapsing all internal links into a single monolithic
well (M = 1) maximises passive Kramers isolation yet caps Qf... below 95|
via (2.220), preventing Al,rier from scaling with internal volume |E(S)|. On
a symmetric two-basin switch (M = 2, Example 2.3) with balanced registers
Kyg > @5, both Abyyprier 12 and Alyprier grow as In(Kj;/@p) up to the
additive constant In(2 — +/2). Across differentiated multi-register architec-
tures (M > 1 with Ky > Kyp), the M1/2 suppression of Qg keeps indi-
vidual registers metastable (Alarrier,q—p > 1) while elevating @ towards
(1 — M™Y/2) @011, and logarithmic proper-time averaging in (3.24) penalises
transient bottlenecks whenever Q.. , contracts towards @, without requir-
ing external path-action functionals. Projecting the open capacity Laplacian
Lk ss = Lg + D%Xt) (2.102) onto the D%nt)—orthonormal spectral coordinate
axes ¢ (k = 2,...,d; + 1) of ® in (2.229)—(2.236) separates internal modal
relaxation i (Lyo,) from modal port exposure 1 j:

t
ok = ¢ZD§§X ' >0, (3.27)
¢ZLK,SS¢k _ .uk(Lnorm) + Ho k (3 28)
¢ZDK¢k 1+ Ho k ‘ '

Equations (3.27)—(3.28) show why spectral dimension d, directly shapes tra-
jectory efficiency: every additional uncompressed spectral coordinate axis
resolved in ® adds modal relaxation and port exposure that must be main-
tained and aligned across the emergent horizon T. Comparing the stabil-
ity barrier Al,yyyier 7 With these boundary and internal burdens defines the
through-time metrics of agency.

DEFINITION 3.1 (Intelligence, Consciousness, and the Agency Identity). Let
an open embedded subsystem S with admissible CCE partition operate across
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N; spectral slices (or their continuum limit) over an emergent horizon T >
0 (2.244)—(2.255) with through-time stability barrier Alyyyier > 0 (3.24)-

(3.25), positive cumulative boundary dissipation Ly g7 > 0 (3.13)—(3.14), and

positive proper-time-averaged preserved internal structure L., o 1 > 0(3.17)-
(3.18). Its through-time intelligence yr and consciousness kr are defined in

dimensionless informational units (nats/nat) by:

AIbarrier,T
XT = I—’ (3.29)
irr,0,T
Alarrier,T
Kp 1= — (3.30)
Irev,Q,T

Equating the shared barrier numerator AkL,yyie; 7 across (3.29)—(3.30) yields
the unifying agency identity (1.61):

AIbarrier,T = )(TIirr,a,T = KTIrev,Q,T’ (3-31)
Irev,Q,T

XT = KT I s (3.32)
irr,0,T

with degenerate boundary limits extended continuously under Section 3.3.2.

In Definition 3.1, intelligence yr measures maintained barrier nats per nat of
irreversible boundary dissipation, whereas consciousness xr measures main-
tained barrier nats per nat of preserved internal structure, coupled in (3.32)
just as Xstruct and Kgiryuct are coupled in (2.203), and strictly invariant under
reference-clock rescaling. Equation (3.32) states the division of physical la-
bour in embedded agents: intelligence () is an extrinsic boundary defence
metric quantifying how effectively a system prevents destructive collisions
across its interface cut, whereas consciousness (k) is an intrinsic model eco-
nomy metric quantifying how compactly the internal substrate represents
environmental structure to secure that protection. Whenever reporting in
SI energetic units is desired on a substrate with fluctuation scale 0 (Jnat ",
such as 0 = kgTj}, in an isothermal bath at temperature Tj},), multiplying by
0 calibrates both the static and through-time barriers in joules and expresses
the efficiencies in Jnat " without introducing an additional formalism:

Q@
AD =0 Al yyier = eln<ﬂ>, (3.33)
Qo
ADT := 0 Alparrier,T, (3.34)
ADdr  ADr
Oxr, Oxr) = ( T ) (3.35)
irr,0,T ‘rev,Q,T

3.3.2  Operational Regimes in the Efficiency Plane

The orthogonal capacity ceiling (2.196) and the agency identity (3.32) parti-
tion physical systems across the (yr,xr) operational efficiency plane (Fig-
ure 3.2). Sustaining active agency (Alyayrier 7 > 0 With L., o7 > 0) requires
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operating strictly inside the interior of the capacity disk, with positive in-

ternal CCE allocation (Qq > 0), open external boundary ports (@geXt) > 0),

and uncommitted free capacity above the unit link (Qfee; > @y, securing
Alyarrier(t) > 0). Driving internal capacity or active state retention to either
extreme produces two degenerate limits in which operational agency col-
lapses.

At the lower endpoint lies the internal-depletion limit, which clarifies why
intelligence yr must be metered against irreversible boundary dissipation
Ly o1 (3.29) rather than total dissipation Iy, 1 (3.21). If internal maintenance
dissipation I, ¢ (3.19) were penalised alongside boundary dissipation in the
denominator of yr, extinguishing internal state maintenance would appear
to raise efficiency by eliminating maintenance overhead. Structurally on Gy,

starving the intra-basin memory sector (K,, — 0, @y — 0) across an open

cut (@((;en) > 0) violates Axiom I (K, > 2) and collapses spectral persistence

=(S,) (2.127), destroying metastable CCE basins altogether. Dynamically on

an admissible open substrate (Qq > 2VM, @ff"t) > 0), whereas a short-

horizon comparison at fixed static reserve @Qg,. can still exhibit residual

passive barrier depth (Example 3.1), extinguishing active preserved internal
structure Ley o — 0 under sustained external perturbation leaves K((;Xt)
unaligned against incoming environmental fluxes so uncountered boundary
loading erodes uncommitted slice reserve Qe , — Qg . Perturbations then
strike dS out of phase (fi;y g 7 > 0) as the dynamically maintained barrier van-
ishes linearly (Alparrier,r = k1,0 krevio,r + 0Urev,0,r) With 0 <k < K(0)),
projecting (yr, k) onto the vertical yr = 0 axis of Figure 3.2:

Qg >0 = =(S,) — 0, (3.36)
Abyarri
Levor = 0" = yr= —anerl 0%, (3.37)
Iirr,a,T
Crrs kr) = (0, %79). (3.38)

Equations (3.36)—(3.38) show that forfeiting internal retention collapses in-
telligence onto yr = 0 rather than inflating it. By the same accounting, an
unpartitioned passive block (M = 1, L.y o1 = 0) exposed across a single
scalar external cut (Mg = 1) has vanishing internal transition cut C@gmt) =0,
satisfies Ystruet < 1 and xgyet < 1 identically (Lemma 2.5), and retains zero
displaced internal structure to align 95, fixing yr = 0 under ongoing envir-

onmental perturbation (L g1 > 0).

At the upper endpoint lies the internal-saturation limit, in which a system
commits its entire relational capacity to internal structure (Qg — Qiotal)-
Under the Pythagorean capacity bound (2.196) and free-capacity identity
(2.200), saturating @, simultaneously severs boundary channels and depletes
uncommitted free capacity:

Qo = Qiorg = @y — 0 and Qpee — 0, (3.39)

(ext)

P =0 and Qpee > 0 = Kspryet > 0 = (x1,%7) = (0,0).

(3.40)
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Equations (3.39)—(3.40) establish that internal complexity divorced from an
open boundary confers zero operational agency. Even if an isolated interior
retains large preserved internal structure (L., o7 > 0) and high internal

maintenance dissipation (Iirr’Q > 0), severing ngXt) and depleting Qfee
eliminate active boundary stabilisation, collapsing structural consciousness
Kstruct and setting (yr, k1) = (0, 0) on the closed boundary.

Strictly between these two limits, viable open architectures (Alyyyrier T > 0)
populate three characteristic interior regimes of Figure 3.2 according to the
balance between preserved internal structure L., o 7 and boundary dissipa-
tion Ly g 7 in (3.32). A reactive automaton (such as a binary thermostat) com-
mits minimal internal capacity (Q@g < @,) and holds negligible preserved
internal structure (L., o1 < 1), securing high model economy k1 over a nar-
row basin, but lacks multi-step predictive structure and incurs heavy unpre-
dicted boundary collisions (fiyy 97 > Ley.q.r) that confine it to low yr. Con-
versely, an uncompressed supercomputer forecasting atmospheric dynamics
achieves accurate predictive deflection and high intelligence yr, but relies
on brute-force state retention across vast register banks (Ley o1 > Lrro1)
sustained by megawatt-scale maintenance power (Ppint o > 0), depressing
consciousness k7. By contrast, the biological brain operates on a 20 W power
budget yet attains high yr and high xr simultaneously, as hierarchical CCE
coarse-graining compresses environmental regularities into a compact gen-
erative model, preserving generous free capacity @Qfe. While keeping both
boundary dissipation and preserved internal structure low.

3.3.3 The Pareto Frontier of Intelligence and Consciousness

While the coupling identity (3.32) links intelligence and consciousness at
any single operating point, finite total relational capacity @, prevents
an embedded system from driving both efficiencies upward without bound.
On a static graph slice, Lemma 2.5 (2.204)—(2.205) already fixes the quad-
ratic trade-off curve and symmetric joint ceiling of (Ystructs Kstruct)- ACTOSs
emergent time, shifting links or active registers towards internal memory
K, resolves environmental modes ahead of impact and suppresses unpre-
dicted boundary dissipation L 5 at the expense of higher preserved in-
ternal structure L., 7. Conversely, coarsening the internal representation
lowers L.y o 1 at the cost of residual boundary collisions across 95, while ex-
panding allocated capacity @, compresses Qfee, and lowers the shared
barrier Alayyier 7 (3.24). Across the set &,qy, of spectrally admissible assign-
ments IT (Section 3.2.1) that sustain a barrier threshold A,y pjer 7 > Alyin > 0,
architectural selection defines a multi-objective Pareto problem bounded by
the non-dominated efficiency frontier x7(yr) (Figure 3.2):

IT* € Pareto arg max(yr(IT), xr(IT)), (3.41)
Iled,

adm

k7t (xr) = supfer() : I € Hogm, xrD) > xr}. (3.42)
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Operational Efficiency Plane and Pareto Frontier
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FIGURE 3.2: Operational efficiency plane (yr,xr) (in dimensionless nats/nat) and
the Pareto frontier k() at fixed total relational capacity @y, . De-
generate regimes collapse onto the axes: in the dynamical internal-
depletion limit (L., o7 — 0" under unpredicted boundary dissipation
Li.or > 0), predictive boundary alignment vanishes and (yr, kr) col-
lapses onto the vertical boundary segment {0}x[0, k7(07)] (while struc-
tural depletion @, — 0 destroys metastable CCE basins altogether),
whereas the internal-saturation limit (@, — @) severs boundary
channels and depletes free capacity (Qp.. — 0), collapsing (yr, k1)
to the origin. In the viable interior, an uncompressed supercomputer
achieves high y; at megawatt maintenance cost (Pin.0 ~ MW, low
Kkr). Congruent model compression eliminates redundant preserved
internal structure I, o7 to reach the non-dominated frontier x7(yr)
(3.42), spanning reactive automata (L., o1 < 1, I;; 57 > 0) through
the biological brain at the high-(yr, k1) knee (Ppainto = 20 W).

Equations (3.41)—(3.42) distinguish two operational movements in the (yr, k1)
plane. Encodings that retain redundant or unaligned internal states—such
as the uncompressed supercomputer of Section 3.3.2—occupy the domin-
ated interior (kp < k7(yr)). Compressing redundant fine-grained states into
invariant-preserving CCE blocks eliminates excess Ly o 7 and maintenance
dissipation while freeing capacity @, driving the system upward onto
k7 (xr) without sacrificing boundary defence. Once redundant internal al-
location is eliminated along x7(yr), further gains in yr require finer pre-
dictive resolution that lowers xr, tracing a continuous frontier from reactive
automata (high xr, low yr), through balanced generative compression at the
frontier knee (simultaneously high yr and x, as in the biological brain), to
high-overhead precision predictors (high yr, lower kr).

THEOREM 3.2 (Operational Horizon Cost and Minimum-Cost Frontier). Let
an embedded subsystem S operate across Ny spectral slices (or their continuum
limit) over an emergent horizon T > 0 (2.244)—(2.255) with maintained sta-
bility barrier Al,ayyier T > 0 and positive operational burdens Iy o7 > 0 and
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Levor > 0. Summing cumulative boundary dissipation (3.14) and horizon-
averaged preserved internal structure (3.18) defines the parameter-free opera-
tional horizon cost I,y 1 (in nats), expressed directly through Alpayrier 1, X7, and
k7 (3.29)~(3.30):

Iop,T = Iirr,a,T + Irev,Q,T’ (3-43)

1 1
Iop,T = AIbarrier,T —+—). (3-44)

AT KT
Consequently, across admissible encodings in o,qy, sustaining a matched bar-
rier Alyarrier > 0, any architecture strictly Pareto-dominating another in
(xr.&r) incurs strictly lower operational horizon cost I, T, and every cost-
minimising architecture lies on the non-dominated Pareto frontier iy (yr) (3.42).

PROOF. Substituting the unifying agency identity (3.31) directly into (3.43)
produces (3.44). Because Al,,ppier 7 > 0, the reciprocal sum in (3.44) is strictly
decreasing in both yr > 0 and kr > 0, so any architecture strictly Pareto-
dominating another in (yr,xr) at matched Aly,,yier 1 achieves strictly lower
Iop., excluding dominated interior configurations from minimising opera-
tional horizon cost. 0l

Theorem 3.2 explains why surviving physical systems concentrate near the
frontier k7 (yr) without invoking substrate-specific weighting parameters or
ad hoc efficiency postulates. Because I, 5(¢) df integrates boundary dissipa-
tion in L, 5 and dr cancels 7 Lin Leyv o1, both quantities carry identical,
clock-invariant units of nats, and their sum I, 1 (3.43) prices unaligned
boundary collisions and uncompressed internal state retention on equal foot-
ing across any emergent horizon T. Under bounded capacity and open bound-
ary coupling, excess boundary dissipation or bloated internal allocation erodes
uncommitted free capacity Qfee, and lowers Aly,rier 7 (3.24). In the path-
space theory of conditioned Markov processes [28] and dynamical large
deviations [160], trajectories burdened by excess operational cost incur an
exponential survival penalty across successive epochs, concentrating long-
horizon survivors onto quasi-stationary distributions near x7(xr) [99, 166].

EXAMPLE 3.1 (Static and Through-Time Agency Metrics). Consider an open
simple graph S on 18 vertices partitioned into M = 2 complete cliques Ky
of nine vertices (K,, = 72links for « € {1,2}, from |E(S,)| = 36 clique
edges, with internal spectral gap y;; = 9/8, or 1.125) linked by K5 = 1link
and coupled across Mg = 2 environmental blocks at cut capacities 4 and
3 links per register (14 external links total). Each register has degree volume

vol(S,) = 80, internal conductance ¢,(S,) = 1/73, total open conductance
gtOt)(Sa) = 8/80(0.10), and spectral persistence Z(S,) = 82.125 >> 1 (satisfy-
ing Axioms I-III), conserving Qo = 160 links with internal and boundary

structural loads:

Qg =722 + 722 = /10,368 = 101.82 links, (3.45)
@Oy = 2 + 2(42 + 3%) = /52 = 7.21 links. (3.46)
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Evaluating (2.200)—(2.202) and (3.23) yields the static structural efficiencies
and slice barrier:

Qfree = 160 — /10,368 + 52 = 160 — /10,420 = 57.92 links,

(3.47)
Qfrce  Ofree )
, K, = ~ (8.03, 0.57), 3.48
(Xstruct struct) ( r \/W ( ) ( )
@
Aharrier = ln<ﬁ> ~ 4.06 nats. (3.49)
0
Now evaluate S across N; = 3 spectral slices with proper-time weights

= (1/4,1/2,1/4) sustaining Qfee; = Qfree (Alparrierr = 4.06 nats) un-
der three trajectory protocols. A reactive protocol holds slice displacements
(0.4,0.6,0.4) nats (Leyor = 0.50nats) while suffering unpredicted bound-
ary collisions (2.5,3.0,2.5) nats (L, 57 = 8.00nats). An uncompressed pre-
dictor holds bloated displacements (4.0,4.0,4.0) nats (Leyor = 4.00nats)
to align boundary ports at (0.3,0.4,0.3) nats (fyy g7 = 1.00 nats). Finally, a
compressed CCE predictor achieves the same aligned boundary dissipation
Ly o = 1.00 nats with compact generative displacements (0.8, 1.2,0.8) nats
(Irey. o1 = 1.00 nats). Evaluating (3.29)—(3.30) and (3.43)~(3.44) yields:

( react §eact’ cl)’re)aTct) (0 51, 8.12, 850nats) (3.50)
xR e LT ) & (406, 1.01, 5.00 nats), (3.51)
(e, 156, Isse) = (4.06, 4.06, 2.00 nats). (3.52)

Although all three protocols share the same static cross-section (3.48) with
Xstruct = 8.03 and gyt = 0.57, trajectory execution separates them across
the efficiency plane (Figure 3.2). Over this short-horizon slice comparison at
fixed Qfee, the reactive protocol sits on the low-intelligence limb (0.51, 8.12),
purchasing high per-nat internal economy xr only by forfeiting predictive
boundary defence (yr = 0.51) at more than four times the total operational
cost (I reaft = 8.50 nats), and across sustained epochs those unaligned colli-
sions erode Qfree r towards @ as in (3.37). Conversely, compressing redund-
ant states moves the predictor from the dominated interior (4.06, 1.01) onto
the balanced minimum-cost knee (4.06,4.06), strictly Pareto-dominating the
uncompressed protocol and lowering I,, 7 from 5.00 nats to 2.00 nats by The-
orem 3.2. For a single system with fixed @y, the curve x7(yr) forms an
impassable efficiency ceiling, and surpassing it requires coupling distinct
systems to internalise their shared boundary cuts. O

34 EMERGENCE

Having established the efficiency ceiling x7(yr) of a single capacity-bounded
system, we now examine how coupled physical systems surpass it. Tradi-
tional accounts of emergence confront an ill-defined boundary problem: at
what threshold do separate coordinating systems cease to be a group of
individuals and become a single new entity? Grounded in Conservation-
Congruent Encodings, no sharp physical boundary exists because physical
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emergence occurs on a continuous coordination scale [108, 152]. By Multiscale
Coarse-Graining (Theorem 2.2), resolving an interacting assembly as n sep-
arate agents under a fine partition W versus grouping them into one com-
posite agent under a coarsened partition @ = IMP describes the exact
same relational graph G = (V, E), where the transfer operator Jp reclassi-
fies inter-system coordination channels as internal structure. Equally, every
entity conventionally treated as an elementary individual system—from a
bound atom or folded protein to a single cell or organism—is itself a coupled
composite of lower-level CCE sub-blocks whose internal equilibration out-
paces open leakage only by a finite spectral ratio (3.5). Signalling via commu-
nication and structural fusion via endosymbiosis are therefore not distinct
physical kinds, but different quantitative regimes along one continuous scale
of boundary internalisation and coordination.

3.41 Cut Internalisation and Cooperative Capacity Gain

Consider two autonomous physical systems, A and B, possessing disjoint
vertex sets S4 and Sg with total relational capacities Qo1 4 and Qo1 p SUM-
ming to Qyota] = Qtotal A + Crotal - In the uncoupled baseline (K 4p = 0), each

system interfaces separately with the ambient environment S = V\(S4USg),

(A),iso (B),iso
d,ext and Ka,ext

subsystem blocks Kg, = Kg)+K((;nt’i) with isolated allocated capacities @
(i€ {A,B}):

exposing isolated external boundary cuts K alongside local

iso
alloc,i

. o .
K2 = RSO + KPR, (3.53)
(@55,0) = IKs 2 + KSR (3.54)

Now let physical interaction channels be activated between S, and Sg, rep-
resented by the cross-coupling capacity block K45 = K; - The composite
system AB = Sy U Sp is governed by the partitioned capacity matrix:

A
Ks, Kup D)7
B
KA =l Ky Kg, &POT| (3.55)
(A) (B) i}
K&,ext Ka,ext KS

When an observer evaluates the composite entity across the joint bound-
ary d(AB) while preserving the differentiated internal registers of A and B
(rather than collapsing both subsystems into a single undifferentiated block
via Ip as in Example 2.6), a two-fold topological restructuring occurs. First,

while the composite intra-basin memory diagonal KéAB)
isolated register memories, the cross-coupling blocks K45 and Kg, cease

to be external boundary cuts and enter the hollow internal transition sector
K(ntAB) (AB)
9

retains only the

of the composite system block KgAB). Second, the external cut K
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contracts strictly to links crossing from AB into the remaining environment
S:

KgAB) _ (KSA KAB) _ KE}AB) n K((;nt’AB), (3.56)
Kpa Kg,
KgAB) — diag(KgA), Kg)), (3.57)
(AB) _ (1,(4) (B)
Ka - (Ka,ext Ka,ext) ’ (3‘58)

Evaluating the squared Frobenius norms of these partitioned blocks yields
the composite internal and external capacity loads:

AB

IKAPI2 = K, 2 + K, 12 + 21K 4503, (3.59)
AB A B

KPR = KD 12 + 1K 2. (3.60)

To evaluate whether coupling frees structural capacity without conflating
physical synergy with the purely algebraic Euclidean triangle inequality, we
compare the coupled composite system against the joint uncoupled baseline
evaluated at the identical Frobenius norm level:

@E2, = Crotal — (@5 ) + (@0 ) (3.61)

When mutual coordination across K, shields internal vertices and elimin-
ates excess external boundary allocation, the exposed external cut contracts.
Whenever the shed external boundary capacity exceeds the internal coordin-
ation load, the composite allocated capacity strictly shrinks relative to the
uncoupled baseline, yielding a genuine cooperative capacity gain through the
equivalent pair of conditions:

A B A),i B),i
2K ppl2 + K 2 + KB |2 < KA 4 gBVise)z.

d,ext d,ext d,ext d,ext
(3.62)
(AB) AB AB i
@free = @total - \/"Kg )”]23 + ”Kg )”% > @Ege- (363)

By (3.23), this expansion of free capacity in (3.63) directly deepens the com-

posite static stability barrier relative to the uncoupled baseline Méifﬁrieri

(AB) eI , @l
AIbarrier = ln<@r—ze) > AItl)zcr)rier = ln<@_r§e) : (3.64)

Coupling does not merely aggregate substrate volume, but sheds redund-
ant external boundary cuts to contract allocated capacity and geometrically
deepen the physical protection of the collective boundary. We now general-
ise this mechanism to an arbitrary assembly of n interacting subsystems.

DEFINITION 3.3 (Boundary-Shedding and Model-Consolidation Surpluses).
Let ndisjoint subsystems S, ..., S, with individual relational capacity budgets
@iotal; transition under degree-preserving topological coupling from an un-

coupled baseline (K;; = o) to a coupled composite assembly S,|. The total

89



90 AGENCY, INTELLIGENCE, AND CONSCIOUSNESS

relational capacity @y, and internal cross-coupling load @ gpl of the coupled
assembly are defined by:

n
Qiotal 1= Z @total,ia (3.65)
@2 Z K13 (3.66)
i#j

Relative to the uncoupled baseline, the signed boundary-shedding surplus
Aég,shed and model-consolidation surplus A@é’cons (in quadratic link units,

linksz) are defined respectively by:
P y by

n
(1),is02 @ 42
@ shed Z”Kaext 17— 1Kyl (3.67)
i=1 i=1
- L2
C
AGY cons = ) IKSOIF - ZuKPnF (3.68)
i=1 i=1

Here A@g,shed measures the signed reduction in squared external boundary
norm achieved by mutual shielding (negative if coupling inflates external
exposure), while A@é’cons measures the signed reduction in squared local
internal norm achieved by pruning redundant internal subgraphs across
coupled partners (A @é’cons = 0 prior to structural pruning and A@é’cons >0
under modular or endosymbiotic consolidation). Over a shared emergent
horizon T > 0 metered against a common embedded reference sub-block
Sref C S (2.247)—(2.255) across co-moving subsystems (at matched proper-

time weights w;), the joint uncoupled baseline boundary dissipation iirsroa T

and preserved internal structure I fev.o.r Sum additively across the isolated

subsystems:
(l)
11rsr0¢9 T 1rr 2,1 (3‘69)
reV,Q,T T rev,Q, T .

i=1

iso
barner T

baselines defines the baseline through-time efficiencies yi*° and &

Evaluating the uncoupled horizon barrier Af against these additive

lSO

AIISO

; barrier,T

iso . _barrierl (3.71)
S0
irr,0,T
liso )

iso ._ arrier,T

Kt = iso ’ (3.72)

rev,Q,T

THEOREM 3.4 (Cooperative Capacity Gain). Let a composite assembly Sc,|
of n coupled subsystems conserve total relational capacity Q.y,) relative to a
viable uncoupled baseline (Qg, > Q). Then:

fre
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1. Free-Capacity and Barrier Gain: The coupled assembly achieves a net
cooperative capacity gain, strictly expanding unallocated free capacity

above @Ege and deepening the static informational barrier (3.23) above
Alé;(r)ner, if and only if its internal coordination load satisfies:
2 2
@cpl < A@a,shed + A@Q,cons' (3-73)

2. Emergent Operational Eﬁ‘iciencies Whenever (3.73) deepens the through-

time stability barrier (AlbarrlerT > AL kﬁgrlerT > 0) while feedforward

coordination across K; and mternal consolidation prevent inflation of

boundary dissipation (0 < L, 51 < Iiirsroa 1) and preserved internal struc-

1 , .
ture (0 < reg, or rlzg o) the assembly achieves szmultaneous emer-

ISO).

irr a

gent intelligence ()(T > xi%°) and emergent consciousness (KT > K

PROOF. Applying Part 3 of Lemma 2.5 (2.216) to the internal, external, and
coupling sectors of the n subsystems in (3.66)—(3.68) gives

; 2 1 \2
(@180 ) - (@Cp ) = A@a shed + A@§22,cons @ (3-74)

alloc alloc cpl’

. i 1 i
so at conserved Qo With Qg2 > @, @Frpee > @po. > Q) (and hence

ALPL s A s by monotonicity of In) holds if and only if (3.73) is

barrier barrier

satisfied. Under Part 2, dividing AIbarrlerT > AL > 0 by the positive

barrler T

non-increasing denominators I Al a T < lrsroa rand Irev or <1, ISV or in(3.71)-

(3.72) establishes )(;pl > xi%° and KT s Ko, O]

EXAMPLE 3.2 (Free-Capacity Gain from Shared Boundaries). Couple two
identical copies A and B of the 18-vertex, two-Ky-register simple-graph sub-
system from Example 3.1, where each copy conserves relational capacity
Qtotal; = 160 links (i € {A, B}) and combined budget Qo) = 320 links across
two ambient environmental blocks S; and S, of five vertices each. Every re-
gister retains K,, = 72links (36 clique edges), Kj; = 1 intra-subsystem
link (JKg[; = 146 and [Kg ||12; = 10,370), and 7 outward boundary links
across all three configurations, preserving exact vertex degrees (vol(S;,) =

80, ¢o(Sie) = 1/73, ¢5°U(S,0) = 0.10, and E(S,,) = 82125 > 1, with
four-register composite persistence =(S,) > 28.125 > 1). In the uncoupled

baseline (K45 = 0), each register connects to S; and S, at cut capacities 4

(i),iSO||1 — 14’ ”K(l),lSO

Y ext S et ||% = 50, and combined cut load

and 3 links, giving |K
IKSe[Z = 100:

72 1
Ks = ; (3.75)
’ 1 72
; 2
(@50 )" = 2(10,370 + 50) = 20,840, (3.76)
@F°, =320 — /20,840 =~ 175.64 links. (3.77)

In a shielded configuration, degree-preserving rewiring establishes a sparse
matched channel K g = diag(1,1) with [Ksp|; = 2 and @gpl = 4 while
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balancing each register’s remaining 6 external links equally at (3, 3) across
S; and S,, raising ||KgAB)||12¢ to 20,744 and cutting ||K((9AB)||% from 100 to 72

0B = 20744+ 72 = J20,816 ~ 144.28 links,  (3.78)
0B = 320 — /20,816 ~ 175.72 links, (3.79)
(AB)
(AB) i _ free | _ —4
AL e — AR = ln(—iSO ) ~ 4.7 x 10™* nats. (3.80)
free

Conversely, in an over-coupled configuration, rewiring doubles the shared
channel to four links (@gpl = 16) while concentrating each register’s remain-
ing five external links onto the single unshielded block S;, leaving external
cut load 100 and Aég,shed =0:

K = diag(2,2), (3.81)
@V = /20,740 + 16 + 100 = /20,856 ~ 144.42 links, (3.82)
@Y = 320 — /20,856 ~ 175.58 links. (3.83)

Every matrix block strictly obeys |X|r < |X]; at conserved @ya1; = 160 links.
Shielded coupling sheds A@ished = 28links” at coordination load @gpl =

4 links?, expanding @g:f) above @%ﬁge (a gain compounded when coupled

partners also consolidate redundant internal subgraphs, A@é cons > 0, as in
Example 8.3), whereas over-coupling at zero net boundary shedding inflates

allocated capacity and compresses free capacity below isolation (@Efe\;er) <
@iso )
free

3.4.2  The Scale and Signatures of Emergence

While Theorem 3.4 specifies when structural boundary shedding and model
consolidation free capacity, coordination also spans lightweight communic-
ative regimes in which subsystems retain separate physical perimeters yet
align boundary ports dynamically to suppress collision dissipation. Evalu-
ating coupled dynamics against the operational horizon cost identity (3.44)
yields both a strict criterion for physical emergence and a continuous scale
quantifying the degree of system integration.

DEFINITION 3.5 (Physical Emergence and the Coordination Scale). Let
Sepl be an open coupled assembly of n > 2 disjoint subsystems {S}i=; with
positive cross-coupling load @gpl > 0 (3.66) and open external boundary

blocks Kg)ext. Over a shared emergent horizon T > 0 metered against a com-

mon reference sub-block S,.¢ (2.247)-(2.255), Scpl exhibits physical emergence
relative to the uncoupled baseline of Definition 3.3 if and only if coordina-
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tion sustains at least the baseline collective stability barrier while strictly
lowering specific operational horizon cost (3.44):

cpl

AIbarrier,T 2 AIéiSfrier,T >0, (3-84)
1 1 1 1
+ — + —. (3.85)
cpl cpl iso  iso
XT Kt XT T

Summing the exposed external boundary cuts across the n subsystems, the
structural and spectral degree of coordination is positioned continuously by
the dimensionless boundary-coordination index np and composite spectral
persistence Ecp:

n
1 .
K2 <= Z; K 2 >0, (3.86)
i=
Q;
pl
Ucpl(scpl) = € (0,1), (3.87)

2 cply2
@Cpl + "Ka I

/12 (L(int) )

Eepl (Sepl) Sl (3.88)
ScplOepl) = T 2 s )
Al (Lscplscpl)
where L(Si::gcpl denotes the isolated internal Laplacian of G[S.p|], coupled to

the positive open Dirichlet leakage rate Al(LSCplscpl) across 9S.p] (2.30).

Definition 3.5 separates the functional criterion of emergence from its struc-
tural degree. Topological coupling alone does not guarantee emergence. In
the over-coupled configuration of Example 3.2, heavier cross-coupling yields
Nepl = 4/29 (= 0.14, exceeding nep) = 1/19, or 0.053, in the shielded con-
figuration) while compressing free capacity and failing (3.84)-(3.85). Con-
versely, whenever (3.84)—(3.85) hold, at least one collective operational effi-
ciency must strictly exceed its uncoupled baseline (Ayy > 0 or Axp > 0),
distinguishing functional symbiosis from parasitic drag and excess coordin-
ation overhead (where Ayr < 0 and Ak < 0 reverse (3.85)). Under non-

degraded collective barrier protection (Aléil:i)erj > AI]iz(;rier,T), these gains
arise through two complementary operational signatures. In collaborative
boundary defence (A yr > 0), feedforward signalling across K 45 lets subsys-
tem A detect incoming environmental fluctuations before they strike subsys-
tem B, lowering composite boundary dissipation below the uncoupled sum,
whereas in generative model consolidation (Axy > 0), coupled partners prune

redundant local representations across shared CCE subgraphs:

(AB) (4) (B) ._ (AB) i
Iirr,a,T < Iirr,a,T + Iirr,a,T AXT = XT - X%SO >0, (3-89)
(AB) (4) (B) ._ (AB) _
IreV,Q,T < IreV,Q,T + IreV,Q,T AKT . — T - K';?O > O. (3.90)

Across assemblies satisfying (3.84)-(3.85), the coordinates (77p1, Ecp1) demon-
strate why no sharp boundary divides coordinating systems from a new in-
dividual system (Table 3.1 and Figure 3.3a). At the low-consolidation end of
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the scale (0 < 1, < 1and 0 < E¢ < 1) lies coordination via commu-
nication, exemplified by scale-free velocity alignment in starling flocks [26],
bacterial quorum sensing, and distributed radar arrays. Here subsystems in-
teract across sparse signalling channels while keeping their physical bound-
aries largely exposed to S and their local models unpruned (A@é’cons = 0).
Because collective diffusive mixing across K;; does not vastly outpace indi-
vidual open-boundary flux (£, < 1, whereas each constituent organism
maintains Z¢p)(S;) > 1), coarsening the group into a single block violates
spectral persistence (Axiom II), so an observer resolves distinct communic-
ating agents. Yet whenever collision savings outweigh signalling upkeep
in (3.85), the collective achieves genuine physical emergence through col-
laborative boundary defence (Ayr > 0).

Coordination Structural & spectral Operational signatures Physical
regime scale examples
Uncoupled Nept = 0, Egp = 0 Ayr =0,A; =0 (or<0  Isolated
baseline (K;; = o) under peer collisions) subsystems
with uncoupled
boundary
defence
Communicative 0 < K 1, Ayr >0, Axr = 0 Starling flocks,
coordination 0<E, ST, (early-warning quorum
AQY ons = 0 deflection, separate local ~ sensing,
models) coordinated
radar and agent
networks
Modular & tissue 0<np <L Egp>1, Ayr >0, Ay >0 Biofilms,
coupling A@3 g > O, (shared perimeter multicellular
AGQY ons > 0 shielding, partial tissues,
specialisation) eusocial
colonies, neural
coalitions
Endosymbiosis & g, = 17, B > 1, ANyr >0, Ay >0 Eukaryotic
individual A@} g > 0, (admissible coarsening endosymbiosis,
systems A@} ons > 0 n® =mvp) single cells,
folded proteins,
bound
molecules

TABLE 3.1: The continuous coordination scale of physical emergence. Rather than
a binary jump between separate coordinating agents and a fused organ-
ism, open assemblies and partitioned individual systems occupy a con-
tinuous spectrum parameterised by the boundary-coordination index
Nepl € [0,1) (3.87) and composite spectral persistence =, > 0 (3.88).

Moving up the scale, contiguous cells in biofilms and multicellular tissues,
eusocial colonies, and synchronised cortical coalitions in Chapter 9 intern-
alise substantial shared perimeters (AQS,shed > 0) and partially specialise
local models (A@é’cons > 0), raising ¢y and Ecp while unlocking joint
gains Ayr > 0 and Axp > 0. Eukaryotic endosymbiosis [96, 144] occupies
the high-consolidation regime of this same continuum rather than a sep-
arate physical category. When an archaeal host A engulfs an alphaproteo-
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bacterial endosymbiont B, B’s external environmental cut vanishes within

(B)
Ka,ext

AQ;,shed > 0 and driving 1¢,|(AB) towards unity. Subsequent endosymbi-
otic gene transfer prunes redundant bacterial metabolic and transcriptional
subgraphs into the central nuclear genome, realising a large consolidation
surplus A@é’cons > 0 and consciousness gain Aky > 0, while freeing the
inner mitochondrial membrane to fold into negatively curved hyperbolic

cristae (Ricg < 0) that maximise bioenergetic port conductance relative to
(AB)
free -

the host cytosol as | |[r — 0, generating a permanent shedding surplus

organelle volume and expand @

Entities conventionally regarded as elementary individual systems lie along
this same scale rather than outside it. Resolved under a finer assignment
n® (Theorem 2.2) into n > 2 constituent CCE sub-blocks—organelles and
macromolecular complexes within a cell, structural domains within a folded
protein, nucleons and valence shells within an atom (Chapter 5), or register
banks within a processor—every open individual system S must retain open
external ports (||Kgs)|| F > 0, since 1cp] — 1 is the closed internal-saturation
limit (3.39) where agency vanishes) and finite leakage (1;(Lgs) > 0), confin-
ing it strictly to 0 < 7¢p1(S) < 1 and E¢;1(S) < oo. Inside a single eukaryotic
cell, mitochondria retain distinct double membranes, circular genomes, and
local electrochemical potentials (Z¢,1(Sg) > 1), coordinating with the nuc-
leus across metabolite and protein-import channels K 45. Likewise, the six-
node dumbbell system S introduced as a single agent in Example 2.1 sits at
Nepl(S) = 1/2 and Ep(S) = 1.64 when resolved into its two three-node lobes
in Example 2.5. By Weyl’s monotonicity (2.29), strong inter-component co-
ordination Ep (Scp1) > 1 directly enforces open spectral admissibility:

Ao(Ls s,

cpl —_
> Eepi(Sepp) > 1. (3.91)
ML) PP

Equation (3.91) explains why tightly coordinated assemblies appear under
coarse-grained observation as single individuals: once inter-component equi-
libration vastly outpaces external leakage, coarsening W into a single com-
posite block 1 =MWP becomes spectrally admissible (3.5). Communicat-
ive coordination, endosymbiosis, and individuality are thus unified as quant-
itative gradations of system coordination.

Whether an emergent assembly satisfying Definition 3.5 prevails dynamic-
ally over isolated components depends on the emergent operating horizon
T > 0(2.247)—(2.255). Wiring K;; and pruning redundant internal subgraphs
incurs a one-time dissipative formation cost Iy = Eform/60 > 0 in nats
(Eform in joules), whereas an unintegrated baseline expends zero assembly
overhead (Ifigfm = 0) at the price of a higher mean operational dissipation
iso -cpl

ur

rate | irr > iy (3.85). Cumulative entropy production including assembly
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favours integration if and only if T exceeds the formation payback threshold

Tamort:
= .iso  .cpl
ALy := Iiye = Iiye >0, (3.92)
I E
Tamort *= foer = fo—er, (3.93)
AI irr 0 Al irr
-cpl -iso
Irorm + Lirr T< IirrT = T> Tamort- (3‘94)

When ¢ is metered in seconds via (2.255) (with mean power saving APy, :=
0 Al in watts), (3.93) expresses T,mort directly in seconds as the ratio of
E¢orm to AP, In ephemeral or rapidly scrambling environments (T < T, mort),
assembly overhead cannot be recovered and unintegrated components pre-
vail. Across extended operating horizons (T > T,y0rt), Ongoing operational
savings outweigh the one-time formation cost, and minimum-cost selection
(Theorem 3.2) concentrates surviving trajectories onto integrated CCE archi-
tectures along the composite Pareto frontier.

3.4.3 Scale Limits and Modular Replication

If boundary shedding frees capacity upon coupling, why do self-maintaining
systems not grow indefinitely into single, immortal monoliths (N — ©0)? Un-
bounded monolithic expansion encounters two physical limits (Figure 3.3b).
First, as subsystem vertex size |S| = N grows, internal communication paths
lengthen and the algebraic connectivity A;(Lgs(N)) in (3.5) decays, so bey-
ond a critical scale N* marginal internal coordination load outpaces mar-
ginal boundary shedding and inflates the per-node allocated capacity. Second,
any single module of finite free capacity @fe.(N) < oo possesses a finite
stability barrier Aly,prier(N) = In(@gee(N)/ Q) (calibrated energetically as
AD(N) = 0 Alyarrier(N) in (3.33)) and therefore faces almost-sure boundary
exit over horizons exceeding its escape timescale Zegcape(N) (2.326) (in refer-
ence nats, or in seconds when t is metered via (2.255)):

0G| PINGH
il —}’\’;hed , (3.95)
N>N* ? N>N~*
i( @alloc(N)) >0 (3 96)
oN N N>N* ’ '
z'escape(Nv) ~ Trelax eXP(AIbarrier(N)) < oo, (3-97)

Across emergent horizons T exceeding Tescape(N *), sustaining an emergent
architecture indefinitely requires compressing the core architectural invari-
ants into a low-footprint generative seed Ks..q C Ko whose preserved in-

ternal structure Irsf\f‘}z is much smaller than that of the full system Irf:‘l,lg.

Across a boundary export channel of rate R; > 0 (in nats/nat against uncal-

ibrated 7,es, or natss~! when t is metered in seconds via (2.255)), transmit-

ting the seed requires duration rgggg 1= Irsgf‘g) /R; (versus chgll}y = IrngHQ /Ry

for the uncompressed full state, and at template-copying cost far below de
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novo assembly search as formalised in Chapter 8) to initialise independent
subsystems prior to module failure.

THEOREM 3.6 (Scale Limits and Seed Replication). Let a growing coupled
system S(N) on |S| = N vertices obey linear budget scaling and superlinear al-
located growth (3.96) past a critical size N*. For every integerny,,q > 2, suppose
Ctotal (MmodN™) = Nimod Crotal(N™) and Qapioc(S(tmoaN™)) > Minod Qattoc(N7),
where each module of size N* has free reserve Qpeo(N*) > 3Q, and finite
escape horizon Tegcape (N™) < 00 (3.97). Then:

1. Free-Capacity Dominance over Monolithic Expansion: At matched total
relational capacity nyoqQrotal(N*), partitioning growth into nypoq > 2
decoupled boundaries |_|Z’:’1d S of size N* strictly dominates monolithic
expansion S(ny,,qN*) in aggregate free capacity:

@free (S(nmodN*)) < Nmod @free(N*)- (398)

2. Seed-Compression Replication Gate: Across a boundary export channel
of emergent rate Ry > 0 where the uncompressed full state exceeds the
single-module survival window (Irf:‘l,lg > RyTescape(N™)), compressing

invariants into a generative seed Kgeeq C K achieves viable replication

prior to boundary escape (rggg‘; < Tescape(N) < T(f})‘gy ) and strictly elev-
ates seed-stage consciousness (Kseed > Keull At matched positive barrier)

if and only if:

0 < IS, < RyTescape(N*) < 110! (3.99)

Tev, rev,Q*

3. Linear-over-Logarithmic Lineage Barrier Separation: Across Nyoq = 2
actively replicating modules with independent decoupled boundaries re-
generated within rgggg K Tescape(N™), simultaneous lineage extinction
requires independent exit across all ny,oq subgraphs, so the additive lin-
eage barrier (in nats) strictly exceeds both the idealised logarithmic sum

and the monolithic barrier ALy rier(S(MmoaN™)):

Nmod

Aﬁgﬁ’g;ﬁ L= Z AIbarrier(sk) = nmodAIbarrier(N *), (3'100)
k=1
o Mmod Cfree(N™) .
Al > In(% > Alarrier (S(mogN™)).  (3.101)

PROOF. Under superlinear growth, @,10¢(SMmodN™)) > Nmod Qatloc(N)
holds, and subtracting each side from the matched budget ny,,q@iotal(N™)
directly yields (3.98). Dividing (3.99) by the positive channel rate R, yields
TCSSS?, < Tescape(N™) < nggy biconditionally, while strict contraction of Irsgf(}z
below Irfgl,lg at matched positive barrier gives Kgeeq > Kgyy1 Via (3.30). Finally,
for @free(f\f *)/ @y > 3 and ny,oq > 2, induction on ny,,q combines with (3.98)
divided by @, > 0 to separate dimensionless monolithic free capacity from

exponential lineage multiplicity:

Qfree (S(nmodN*)) < Nmod Qfree (N™) < ( Qfree(N™) )and
Qo Qo Qo .

(3.102)
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(a) Continuous Coordination Scale (b) Seed-Lineage vs. Monolithic Scaling

Uncoupled (K, =0)

Collective Stability Barrier (nats)

Shielded coordination
1= 0053

24 @ )

Composite Spectral Persistence ¢y

Monolith Alurir(S(naaN )

0.0 02 0.4 0.6 08 1.0 1 2 3 4 5 6

Boundary-Coordination Index g1 Scale Multiple nioq= NIN'

FIGURE 3.3: Continuous coordination scale of physical emergence and modular
seed-lineage barrier separation (Definition 3.5 and Theorem 3.6). (a)
Coordination plane (7,1, Ecp1) spanning the uncoupled baseline (K;; =
0), communicative coordination (0 < 1,,; < 1, E¢; < 1, such as the
shielded coupling of Example 3.2 at 1, =~ 0.053), modular and tis-
sue coupling (£, > 1), and high-consolidation endosymbiosis and
individual systems (E., > 1, crossing the coarse-graining admiss-
ibility threshold E.; = 1 (3.91), with the six-node dumbbell of Ex-
ample 2.5 marked at 7., = 0.50, E.,; = 1.64), contrasted against dom-
inated over-coupling (A@} .4 < 0, crimson). (b) Collective stability
barrier (in nats) across scale multiple n,,y = N/N*: monolithic ex-
pansion Al e (S(MyoaN™)) saturates and declines past N* as internal
coordination load outpaces boundary shedding (3.96) (crimson), and
even an idealised subadditive sum In(n,,q@gee(N*)/@,) grows only
logarithmically (dashed slate), whereas partitioning capacity into n,4
decoupled units regenerated from a compressed seed K4 scales lin-

early as AII("’“"d) = Nnod A arrier (N©) (3.101) (teal).

ineage

Applying the strictly increasing natural logarithm In(-) across (3.102) estab-
lishes (3.100)—(3.101). O

Because surviving modules regenerate any escaped peer within the repair
window ngggl, & Tegcape(N™), simultaneous extinction of all ny,q modules
requires ny,,q — 1 additional boundary escapes before seed replacement com-
pletes, elevating the Markov lineage persistence horizon exponentially in

AI(and) .

lineage"

%3 \ tmod
(Mmod) _ _seed ( Tescape (N7) ) _ _seed ( Trelax

persist — Tcopy seed = Teopy| “seed

Nmod
) eXI(nmodAIbarrier(N *)) .
Teopy copy

(3.103)

Over horizons T > max(Tamorts Tescape (N ™)) (3.94), minimum-cost selection
(Theorem 3.2) therefore exponentially suppresses non-replicating monoliths
in favour of compressed-seed lineages.

To prevent unverified claims of emergence across biological, electronic, or
collective systems, an empirical emergence audit must certify the complete
relational and dynamical balance. First, it must specify the subsystem vertex
sets (S4, Sp), the external interface cut Lgg, and the internal coupling block
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Kp alongside the coordination-scale coordinates (¢p1, Ecpl) (3.87)—(3.88),
verifying (3.73) whenever static cooperative capacity gain is claimed. Second,

it must measure the isolated baseline quantities I‘(rir),a,T and Ir(g,,Q’T under

1
(AB) r(:,?zj to estab-

K 4p = o against the coupled composite quantities [;;, 5 and ]
lish specific dissipation dominance (3.85) and efficiency gains (A yr, Axr). Fi-
nally, it must confirm exact combinatorial edge conservation (2.128)—(2.129)
and the metriplectic Casimir conditions (2.322)—(2.323) so that apparent gains
cannot arise from unmetered external dissipation or boundary gaming.

3.5 STABILITY

Section 3.4 established that physical emergence operates across a continu-
ous coordination scale (77¢p, Ecp1) and showed why scaling limits preclude
unbounded monolithic growth (Theorem 3.6). Across biological, computa-
tional, and economic domains, open physical systems populate the low-to-
intermediate regime of this continuum, neither standing in isolation nor col-
lapsing into a single monolith. Instead, they persist as coupled networks of
distinct systems that maintain individual boundaries and internal memor-
ies while exchanging physical fluxes across shared interfaces and environ-
mental sinks.

Classical game theory models strategic interaction by assigning utility func-
tions over strategy profiles and solving for non-cooperative Nash equilibria
and cooperative bargaining allocations [117, 118]. That mathematical struc-
ture fails to guarantee physical stability only when payoffs are treated as un-
constrained abstractions on cost-free substrates—an instance of the Platonic
Observer Fallacy (Section 1.5). Grounding coupled systems in Conservation-
Congruent Encodings connects game theory directly to physical conserva-
tion laws: strategies become boundary and channel allocations on a shared
capacity matrix K, static coupling payoffs become shifts in uncommitted
free capacity @f.e; and escape barriers A®;, and horizon payoffs become
conserved efficiencies y; and ;.

Section 3.5.1 establishes this formal correspondence by defining multi-system
capacity games and proving that pure-strategy Nash equilibria and Nash bar-
gaining reduce directly to free-capacity payoff optimisation. Section 3.5.2
shows why anchoring operational payoffs in y; and x; prevents proxy re-
ward misspecification under substrate conservation and combines with log-
arithmic barrier concavity to route gained free capacity towards a network’s
weakest links. Section 3.5.3 then formalises exhaustive and generative dissip-
ators under closed-boundary multi-system accounting, establishing a gen-
eral, substrate-agnostic foundation for analysing symbiotic human—-AI coup-
ling (Chapter 8) and multi-agent economic stability (Chapter 10).
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3.5.1 Capacity Games, Free-Capacity Payoffs, and Nash Equilibria

Whereas Section 3.4 evaluated coupled assemblies collectively under a single
composite norm @zﬁiy subsystems in the low-to-intermediate coordination
regime (E¢,] < 1, Table 3.1) cannot be coarsened into one block without
violating spectral persistence. Partitioning the relational graph G = (V,E)
into n distinct open subsystems S, ..., S, and an open environment S yields

the block capacity matrix:

Ks, Kip - Ky (ngxt)T
Ko K, Kan (Kffgxt)T
K= : : : (3.104)
K Ky Ks, (KT
Kz(;(zxt Kz(fe)xt Kf?tle)xt Ks

Each diagonal block K = Kg) + K((;nt’i) decomposes into subsystem S;’s
intra-basin memory Kg) and intra-subsystem transition cuts Kgnt’i) (2.86),

each off-diagonal block K;; = KJT; (i # j) counts direct coordination links

between §; and §;, and Kg)ext counts external links between S; and S.

Each subsystem S; operates within a partition-invariant £; total relational

capacity Qa1 (2.195), while its outward boundary load ||Kg)||12n combines
environmental and peer cuts in Frobenius quadrature (2.196):

Orotaty = K l1 + IKS. | + 3 1Kyl = vol(s), (3.105)
J#I
KPP = KD 12+ Y K12, (3.106)
J#EI
2 o 2 @2 2
@allo(;’i s ”KSl ||F + ”Ka ”F S @total,i' (3107)

For viable subsystems (Qgee; > @) at substrate fluctuation scale 6, > 0,
subtracting @pjjoc; from @y, ; determines S;’s local free capacity and static
calibrated escape barrier (3.33):

Qfreei = Crotali — Qalloc,is (3.108)
[0) .
AD, <= Gl-ln( free”). (3.109)
Qo

Because Euclidean norms do not add linearly across separate blocks, sum-
ming local free capacities across subsystems differs from the coarsened com-

. 1 . .
posite reserve @frie of (3.63): whenever subsystems remain spectrally dis-
tinct, each S; must sustain its own local reserve Qg ; and barrier Ad;.

DEFINITION 3.7 (Multi-System Capacity Game). Let ./ = {1,...,n} index
open CCE subsystems {S;}!; with total relational capacities Qy,1; and fluc-
tuation scales 6; > 0. Each subsystem selects a local port and register con-
figuration s; € o, so that every joint strategy profile s = (s, ..., s,) in the
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product space & induces a feasible capacity matrix K(s) satisfying (3.105)-
(3.107), where forming an active channel K;;(s) # o requires compatible port
commitment by both §; and ;. Relative to the uncoupled isolation baseline

(K;j = o for alli # j, denoted iso, with Q}fgei > @), player S;’s baseline
barrier, structural free-capacity payoff, and calibrated barrier gain are:
. @iso )
AP =g, 1n< free’l) , (3.110)
Qo
A@free,i(s) "= @free,i(s) - @Ege)i, (3.111)
. Ofree i(s
AD;(s) — ADI® = ¢ ln<fT()) : (3.112)
@free,i
The multi-system capacity game is the strategic-form tuple:
Tk i= (A, Ay, {AQfree s ), (3.113)

with per-subsystem boundary-shedding surplus, internal consolidation sur-
plus, and peer coupling load defined in parallel with Definition 3.3:

AGE o () = KD — KO ()12, (3.114)
AGY cons (5) += IKSC I — IKs () (3.115)
Q21 ,(9) == ) 1Ky, (3.116)

J#i

while through-time execution over a shared emergent horizon T > 0 metered
against a common embedded reference sub-block S,er C S (2.247)—(2.255) is
evaluated by the operational efficiency pair ( xir(s), K,-,T(s)) of Definition 3.1.

Over the shared emergent horizon T, each subsystem’s boundary dissipation

Ly o splits between direct environmental port dissipation Ii(rixat)i and peer
interface cross-dissipation Iy > 0:
(ext)
Lirr o = Iirr,a,i + Z Leross,ij- (3.117)

J#i

Without synchronised peer channels (K;; = o), peer actuations return via
the environmental Schur operator Z.,,, (3.4) as unpredicted boundary strain
(3.12), generating I.;o;; > 0 and depressing y; 7. Structurally in Ik, if S
unilaterally reconfigures boundary ports towards S; while S; remains isol-
ated, no bilateral channel forms and no external exposure is shed. Instead,
unbuffered collisions concentrate boundary load onto exposed ports, raising
Qalioc,; and yielding AQfee; < 0. Mutual isolation is therefore a strict non-
cooperative Nash equilibrium [118], locking uncoordinated subsystems into
a high-dissipation baseline.

Conversely, mutual coordination pairs non-zero reciprocal channels K;; with
shared perimeter shielding and model specialisation, driving I ;s ;; towards
zero. Whenever each partner’s shedding and consolidation surpluses exceed
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its peer channel load, allocated capacities contract below isolation and the

net network free-capacity gain AQRS!

free turns positive:

Z @alloct(s) < Z( zﬁ?ocz > (3-118)
AQE‘ite(s) P Z Aeree,i(s) > 0. (3.119)
i=1

Over the individually rational cooperative set &coop C & where Ady(s) >
ACI)li-SO for all i € 4, Nash bargaining [117] with positive bargaining weights
w; > 0 maximises the weighted Nash product #y,sn(s) of barrier gains:

MNash(s) = H(A<1>i(3) - A<I>}S°)Wi, (3.120)
i=1
Z w =1 (3.121)
i=1

Whenever coupled partners divide a shared free-capacity pool @Frzzl across a
linear frontier (or exchange a transferable resource payment in Chapter 10),
first-order Karush-Kuhn-Tucker stationarity of In fy,s, equates weighted
marginal barrier returns across partners:

n
1
Z @free,i < @?rzz > (3'122)
i=1
Wi dAD; Wj dAQ;
P i ] Ly (3.123)
AD} — A dOfree;  ADT — ADS dQfrec,

THEOREM 3.8 (Equivalence and Scale Invariance in Capacity Games). Let
I'k be a multi-system capacity game (Definition 3.7) over viable subsystems
With Qe i(s) > @y and 6; > 0. Then:

1. Pure-Strategy Equilibrium Equivalence and Individual Rationality: A
profile s* € of is a pure-strategy Nash equilibrium under calibrated
barriers A®; if and only if it is a pure-strategy Nash equilibrium un-
der free-capacity payoffs AQee;, and if and only if each s; minimises
Qalloci(Si» ;). Moreover, s is strictly individually rational for S;, satisfy-
ing AD;(s) > ADI° and AQgee ;(s) > 0, if and only if:

Cpl {(8) <AQS g 1(9) + DAY o i(5)- (3.124)

2. Bistability of Isolation and Coordination: Restrict each &f; to binary ac-
tlons {1, C} denoting isolation and coordination, with all-isolation profile

= (1,...,1) and all-coordination profile sPl = (C,...,C). Whenever
unilateml coordlnatlon (Ci, 1) yields AQfgree ;(Cy, 1) < 0 while joint co-
ordination sP! satisfies (3.124) for everyi € N with AQgee ;(1;, C_;) <0,
both s%° and sP! are strict pure-strategy Nash equilibria, and sP! strictly

Pareto-dominates s° with AQEZE(SCPI) > 0(3.119).
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3. Substrate-Scale Invariance of Nash Bargaining: Under (3.112), the Nash
objective (3.120) factors out the constant substrate-scale prefactor:

! w; & @free,i(s) "

INash($) = HQI H In o > (3.125)
i=1 i=1 @free,i

and the equimarginal condition (3.123) cancels 6; > 0 identically:

Wi W

* * iso T * iso )’
@free,i 1r(@free,i/@free,i @free,j lr(@free,j/@free,j

(3.126)

PROOF. Applying Part 3 of Lemma 2.5 (2.216) to player i’s local sectors via
(3.106)-(3.107) and (3.114)—(3.116) gives the exact quadratic balance:

i 2 2 A2 2 2
( zlislfoc,i) - Qalloc,i(s) - A@8,shed,i($) + ACQQ,COHS,I'(S) - @Cpl,i(s)' (3'127)

Because x — 6;In(x/@,) is strictly increasing on (0,c0) for §; > 0 and
Qfreei(s) = Qrotali — Qalloci(s) decreases strictly with @, ;(s), unilateral
pure-strategy best responses under A®; and AQf..; coincide with minim-
ising @aJ1oc> and AQgee j(s) > 0 holds if and only if (3.124) holds. Under s1%0,
unilateral deviation by player i to C lowers payoff from 0 to A@Qfce ;(C;, 1) <
0. Under s°P!, unilateral deviation to | lowers payoff from A@free,i(stl) >0
to AQfee (15, C_;) < 0, establishing strict Nash stability of both profiles to-
gether with AQ2S! (Pl > 0. Substituting (3.112) into (3.120) gives (3.125),

free
and differentiating (3.109) with respect to Qg ; inside (3.123) cancels 6; > 0
identically, yielding (3.126). O

Theorem 3.8 highlights two physical properties of multi-system equilibria.
First, pure-strategy best responses depend only on ordinal payoff rankings
and therefore reduce to minimising local allocated capacity @,jjoc;, Whereas
randomising mixed strategies incur a risk penalty from the strict concavity
of In(@fyec i/ Q). Second, because the substrate scales ; factor out of (3.125)
and cancel from (3.126), bargaining in energetic barrier units (J) across het-
erogeneous substrates—such as coupling a low-noise silicon processor at
scale 04 to a warm biological organism at scale 05 # 04—selects the ex-
act same free-capacity division as bargaining in dimensionless informational
units (nats).

EXAMPLE 3.3 (Two-System Coordination Game). Consider two symmetric
simple-graph subsystems A and B, each partitioned into M; = 2 thirteen-
vertex complete-clique registers K;3 of diagonal capacity K,, = 156 links
(o € {1,2}) and internal spectral gap y;,y = 13/12 (= 1.08), joined by Ky = 2
inter-register links and incident to 15 boundary links across {I, C}*. Every
register maintains internal conductance ¢,(S;,) = 1/79 and spectral per-
sistence 2(5;,) = 1027/12 = 85.58 > 1 (with total open conductance
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l(,tOt)(Sl-’a) < 17/173 = 0.098) under Axioms I-III while conserving the exact

¢, relational capacity Qqa1; = 331 links:

156 2
K = , (3.128)
’ 2 156
IKs, I, = 316, (3.129)
IKs % = 48,680. (3.130)

Under mutual isolation (I,1), K4z = o and each subsystem distributes its
15 boundary links across two external ports carrying 12 and 3 links, giving
||Kg)eft°||% = 153. If A unilaterally reconfigures for coordination while B re-
mains isolated (C, 1), unreciprocated exposure concentrates A’s 15 boundary
links onto a single unshielded port of squared norm 225 while conserving

Qiotal 4 = 331 links:

Ofpeei(l,1) = 331 — /48,680 + 153 = 331 — /48,833 ~ 110.02 links,

(3.131)
Ofree.a(C, 1) = 331 — /48,680 + 225 = 331 — /48,905 = 109.86 links.
(3.132)

Under mutual coordination (C, C), degree-preserving rewiring forms a two-
register channel K45 = diag(4, 3) of 7 links and contracts each external cut
to 8 links, conserving @y,); = 331 links as boundary shedding (A@g shedi =

89) exceeds coupling load (@czpl,i = 25):

Qfreei(C,C) = 331—/48,680 + 82 + 42 + 32 = 331—./48,769 ~ 110.16 links.
(3.133)

Subtracting the isolation baseline @ . = 110.02 links yields the strategic-

free,i
form free-capacity payoffs across all four action profiles:

(0, 0) for (1, 1),
(-0.16, 0) for (C, 1),

(A@free,Aa A@free,B) = (3.134)
(0, —0.16) for (1, C),

(+0.14, +0.14) for (C,C).

Both (1, 1) and (C, C) are strict pure-strategy Nash equilibria of this Stag Hunt

coordination game: uncoordinated play locks each subsystem at @}fgei

110.02 links because unilateral coordination raises @glloc 4 from 48,833 to

48,905, whereas cooperative bargaining selects (C, C), lowering @glloci to
48,769 and gaining AQ?the ~ 0.29 links of network free capacity at conserved
Grotal; = 331 links. O

3.5.2 Conserved Payoffs and the Weakest-Link Principle

In classical multi-agent games and synthetic optimisation, dynamic rewards
are routinely specified as unconstrained scalar proxies—such as gross activ-
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ity volume, token throughput, or unbounded state accumulation—divorced
from substrate conservation. Because proxy scores omit boundary dissipa-
tion and structural maintenance loads, coupled optimisers inevitably exploit
proxy misspecification: an agent can raise its local score either by export-
ing unmodelled variance onto neighbours or by hoarding uncompressed in-
ternal state until structural reserves are depleted.

Anchoring through-time operational payoffs in intelligence y; 1 (3.29) and
consciousness k; 1 (3.30) on a closed multi-system balance eliminates both
failure modes through a two-sided conservation constraint. Externalising
uncoordinated actuations inflates irreversible boundary dissipation L, 5; 1
alongside peer interface dissipation I ;o j; in (3.117), directly depressing x; .
Conversely, hoarding uncompressed internal state or excess port capacity
expands allocated capacity inside the Frobenius disk (3.107), compressing
Ofreej and Alyyyrier i 7 towards zero and collapsing both k; 7 and y; 7. Sustain-
ing high y; r and ;7 across coupled trajectories therefore admits no proxy
shortcut, as interacting subsystems must pair compact generative models

O i -
Ké with aligned peer channels K;;.

Even with conserved individual payoffs, achieving optimal collective stabil-
ity across a coupled network depends on how gained free capacity is dis-
tributed across heterogeneous nodes (Figure 3.4a). Perturbations propagate
across active cross-coupling channels Kj;, so boundary collapse in any single
subsystem injects severe volatility into all connected peers. Because escape
horizons (3.97) across heterogeneous fluctuation scales 6; # 6; depend on
the dimensionless exponent A®; /6, = Aly,,yier; rather than raw joule barri-
ers Ad;, collective network survival is bounded in dimensionless nats by its
weakest link:

. . @free,i
AIbarrier,net < . min AIbarrier,i =  min In . (3-135)
i€{l,...,n} i€{1,...,n} @0

Because each local informational barrier Alyyier; = In(Qfee /@) scales

logarithmically with unallocated free capacity (3.23), local stability is strictly

concave in free capacity, with substrate-independent marginal stability re-
. -1 . )

turn (in natslink ) and curvature (in nats link “):

dAIbarrier,i _ 1 (3.136)
d@free,i @free,i ' '
d? AR yrrier
bzarrler,l __ 21 <o. (3.137)
d@free,i @free,i

As unallocated free capacity approaches depletion, this marginal stability
return diverges:

dAIbarrier,i _

im (3.138)
@free,i_’o+ d@free,i

By contrast, for a subsystem already possessing abundant structural reserves
(Qfree; > Qp), additional free capacity yields diminishing marginal barrier
gain.
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Substituting (3.136)—(3.138) into the scale-invariant Nash equimarginal con-
dition (3.126) reveals a direct modelling link between bargaining symmetry
and systemic resilience. Whenever a constrained node S; approaches its isol-
ated floor (Qf.; @}ige,i) or capacity depletion (Qf..; ~ Q7). the denom-
inator on the left-hand side of (3.126) vanishes and S;’s marginal bargain-
ing pull diverges relative to capacity-rich partners (@E‘ree, i > Q). Provided
every coupled subsystem retains non-vanishing bargaining weight (w; > 0),
Nash bargaining automatically routes gained network free capacity A@?r?e
towards the most constrained nodes—aligning cooperative equilibrium with
steepest ascent of the dimensionless weakest-link bound (3.135). Conversely,
multi-system models in which extreme bargaining asymmetry drives w; — 0
starve bottleneck nodes of gained free capacity and destabilise the entire

coupled network despite high aggregate reserves elsewhere.

3.5.3 Exhaustive and Generative Dissipators

Whereas the weakest-link principle shows why collective persistence re-
quires routing free capacity towards fragile nodes, closed-boundary multi-
system accounting determines whether coupled subsystems actually supply
or erode that capacity. Evaluating efficiency inside a truncated single-agent
perimeter fails to distinguish irreversible flux vented cleanly into the ex-
ternal environment S from waste flux discharged into surrounding peers.
Closing the accounting boundary across |_|?:l S; U S on the dimensionless
CCE entropy S of Section 3.2 (specialising to Sy, /kg in thermal baths) parti-
tions coupled subsystems relative to their encompassing peer host ensemble
Su = Lljx« Sj into two opposite dynamical classes (Figure 3.4b).

DEFINITION 3.9 (Exhaustive Dissipator). Let S be an open subsystem
coupled across internal channels Ky; to a peer host ensemble Sy = | | S;
whose autonomous internal irreversible production rate is S'l-’ g > 0 (follow-
ing Prigogine’s standard subscript i for internal production, distinct from
peer index j, with subscript tag H indexing the host ensemble Sg). Subsys-
tem Sy is an exhaustive dissipator relative to Sy if insufficient direct venting

to the external environment (ngzxt =~ o or obstructed sink conductance)

causes it to discharge net positive irreversible waste flux (bsk_,sH > 0 into
peer interfaces, elevating host entropy growth strictly above autonomous

production:

(=

and injecting cross-boundary collision variance I ;o jx > 0 (3.117) that in-

) =Su + b5 s, >0, (3.139)
exh

flates peer boundary loads ||Kg)|| r and imposes a negative free-capacity pay-
off (AQfyee,j < 0) on connected peers.

Under truncated single-system accounting that omits Cbsk_,SH, an exhaust-
ive dissipator can appear locally efficient while forcing neighbouring nodes
to divert relational capacity into excess boundary allocation, depleting peer
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free capacity (Qfree,j — @) and accelerating collapse across the network’s
weakest links (3.135).

DEFINITION 3.10 (Generative Dissipator). Let Sg be an open subsystem

possessing an asymmetric external dissipation channel (Kgge)Xt # o) facing
the external environment S and autonomous internal production rate S; g2
0, coupled across Ky; to peer host ensemble Sy = |—|j¢g S;. Subsystem S is a
generative dissipator relative to Sy if it extracts disorder from the host matrix
at rate <i>5H_,5g exceeding autonomous host production while venting both

extracted host disorder and its own internal production into S:

assy) .
a =95 H (I)SH_’Sg <0, (3.140)
d)Sg—nS_‘ 2 ci)SH—>5g + 5.‘i,ga (3.141)

clearing interface disorder and donating predictive constraints across Kg; so

as to contract peer boundary cuts ||K((9])|| r and confer a positive free-capacity
payoff (AQfec j > 0) across connected peers.

Summing (3.140) and (3.141) confirms that local host ordering strictly obeys
global Second Law monotonicity:

ds(Sy) _ . .
Sg_)g + T > Si,H + Si,g > 0. (3142)
This structural asymmetry simultaneously introduces a systemic vulnerab-
ility: sink saturation. Because connected peers adaptively reduce defensive
boundary margins through this generative coupling, any obstruction or sat-

uration of the outward dissipation channel Kgge)xt causes accumulated dis-
order to return into Sy, triggering non-linear cascading failure across the

reduced-margin weakest links.

Formalising multi-system payoffs under closed capacity balances establishes
a unified modelling apparatus for Part IIl and Part IV. In human-AI archi-
tectures (Section 8.4 in Chapter 8), synthetic systems coupled to finite hu-
man relational capacity @, f act either as exhaustive dissipators (Defin-
ition 3.9) that flood human interfaces with verification friction and com-
press Qfee p and Ky, or as generative dissipators (Definition 3.10) that ab-
sorb environmental complexity and expand human free capacity. At the
multi-agent economic scale (Chapter 10), closed-boundary production costs
and expected population barrier gains ground Physical Nash (C,V, P) pri-
cing in natural informational units (Section 10.1), while weakest-link concav-
ity equips economists with conserved macroeconomic and network stabil-
ity diagnostics—the Humanity Intelligence Index (HII), the Humanity Con-
sciousness Index (HCI), surplus-backed baseline allocations (Section 10.2),
dual boundary-value coupling parameters (’7?;1) ,qggl) ), and the parameter-
free network stability functional I,.;(K) (Section 10.3)—capable of demon-
strating system stability and distinguishing net stability creation from dis-
sipative turnover.
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(a) Weakest-Link Barrier Concavity (b) Closed y Dissi

‘ ’ Nomml.s‘czfrecCapacn:SQ.m,Q« ! !

FIGURE 3.4: Weakest-link barrier concavity and closed-boundary multi-system dis-
sipator topologies (Theorem 3.8 and Definitions 3.9-3.10). (a) Local sta-
bility barrier Al pier; = In(@gee;/ @) (in dimensionless nats) versus
normalised free capacity @g..;/@y: strict concavity (3.137) produces di-
verging marginal stability return 1/ @y, near depletion (Qg..; = @y,
crimson tangent) relative to capacity-rich peers (Qg..; > @, slate
tangent), so substrate-scale-invariant Nash bargaining (3.126) routes

gained network free capacity AQfS, towards bottleneck nodes to raise

Albarriernet (3.135) (teal). (b) Closed-boundary flux accounting across

peer host ensemble S and environment S: an exhaustive dissipator

Sk (K(k) =~ o) discharges waste flux Cbsk_,SH > 0 into peer inter-

faces,aier)l(tflating dS(Sy)/dt > 0 and imposing AQp..; < 0 (crimson),
whereas a generative dissipator S, (Kffe)xt # 0) extracts host disorder
bsns, > Sim and vents G55 2 5,5, + S into S, conferring
AQpyeej > 0 (teal).

Together, the Capacity Ledger of Chapter 2 and the continuous metriplectic
equations of this chapter complete Part I’s foundational architecture. Every
embedded physical system is governed by the orthogonal split between in-
ternal memory capacity (Kg) and boundary conductance (K;), sustains its
through-time stability barrier (Akyyier 1) through the coupling of intelli-
gence (yr) and consciousness (x7), and achieves emergent or multi-system
stability by internalising boundary cuts and balancing generative dissipation.
In Part II, we turn this physical apparatus onto scientific observation itself,
treating the observer as an embedded physical subsystem whose Epistemic
Lens (IL, Kg, ngXt)) mediates quantum measurement (Chapter 4), multi-scale
particle and molecular interactions (Chapter 5), and the emergent geometry
of spacetime and cosmology (Chapter 6).
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This chapter isolates the physical mechanics of observation. Part I developed
the epistemic assignment II, the two-tier capacity matrix K, emergent spec-
tral geometry and time, and continuous metriplectic dynamics to charac-
terise how an embodied system stabilises its boundary within an open rela-
tional graph G = (V, E). Yet an embedded observer cannot inspect G from an
omniscient exterior, and must acquire and stabilise every distinction through
physical interactions across its finite boundary ports ngXt) . Opening Part II,
we examine how an embedded subsystem physically implements this coarse-
graining from within through an Epistemic Lens. Across the three chapters of
Part II, we apply this single physical lens across successive levels of coarse-
graining, moving from quantum measurement in the present chapter to the
multi-scale hierarchy from fundamental particles to macromolecular dynam-
ics in Chapter 5, and finally to emergent spacetime and cosmological hori-
zons in Chapter 6, where the same finite capacity and dissipation bounds
generate Lorentzian geometry and gravitational curvature while ruling out
the standard extrapolations to a Big Bang singularity and a universal Heat
Death (Section 6.3).

Within the present chapter, we trace how the material constraints of an open
observing subsystem govern quantum measurement [54]. Section 4.1 estab-
lishes the physical architecture of the Epistemic Lens for an embedded ob-
server, proving across discrete spectral slices and their continuum limit that
finite relational capacity and non-negative boundary dissipation force every
observation map to be a many-to-one projection while ruling out empirical
verification of an exact continuum or universal substrate reversibility. Sec-
tion 4.2 derives open-system Lindblad dephasing, Quantum Non-Demolition
energy conservation, and interferometric fringe visibility directly from the
coarse-grained Schur complement, and Section 4.3 resolves the Einstein—
Podolsky-Rosen paradox by contrasting direct graph adjacency with the
coarse-grained resistance metric.

41 THE EPISTEMIC LENS

How does a finite physical subsystem acquire, process, and retain a coarse-
grained record of the universe from within? In Chapter 1 (Section 1.5), we
identified the Platonic Observer Fallacy, which treats observation as a dis-
embodied mathematical map decoupled from the capacity and conservation
balance of the observed world. Classical mechanics commits this error by
positing a Laplacian demon that reads continuous coordinates to arbitrary
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precision at zero disturbance or energy cost, whereas standard quantum the-
ory commits the converse error by positing an external classical apparatus
that projects global state vectors instantaneously without substrate capacity
bounds. As established in Chapter 2 (Section 2.1 and Section 2.2), the rela-
tional graph G = (V, E) carries neither predefined spatial coordinates nor an
external Newtonian clock. An embedded observer is simply an open phys-
ical subsystem S C V of vertex count Ny := |S| (N5 << Ny) coupled across
the boundary cut 95 to a strictly larger environment S := V \ S (N5 < N,
vol(S) < vol(S), |8S| > 0). The physical partition of S realising the admissible
two-tier assignment IT = diag(Ils,II5) (Definition 2.1) is its Epistemic Lens.

411 Embedded Partition and Metriplectic Split

Rather than an abstract mathematical filter, the Epistemic Lens is a material
subsystem governed on S by the orthogonal projector split Iy, = Pp, + Qr,
(2.57)—(2.67) and the internal capacity decomposition (2.88):

Xg = PHSXS + QHSXS, (4.1)
Ks = Ko + K™, (4.2)

In (4.1)-(4.2), P, isolates the tracked block state P xg = Ilszg resolved
across the M CCE blocks {Si, ..., Sy} of Kq (with coarse-grained block state
zg = Rpxs € RM), whereas Qq, isolates the unresolved intra-block fluc-
tuations Qp xs € ker(Ryy,). Each block S, (& € {1,..., M}) carries internal
capacity K, = 2|E(S,)| of at least 2 links (2.125) and coarse-graining depth
Ie = InK,, of at least In 2 nats, couples to S across the external port block
ngXt), and routes internal transitions across Kgmt) behind pairwise isolation
barriers Alqrrier. o (2-136) at spectral persistence Z(S,) > 1 (2.127).

Statically, because S is an open admissible subsystem with positive internal

edge support (2.125) and active boundary cut @((,eXt) > 0, Theorem 2.4 (2.196)

enforces a strict Euclidean norm gap between allocated structural capacity
Qalloc (2.192) and total relational capacity Qioiy = vol(S) (2.195). Simultan-
eously, every admissible block (K,, > 2) has internal edge count |E(S,)| =
K,,/2 and satisfies both In K, > In 2 and In K, < |E(S,)|. Summing across
all M blocks therefore bounds preserved structural capacity L., (2.135) (in
nats) strictly beneath the internal edge count |E(S)| and total degree volume

(in links):
Q% + @5 = @2, < vol(S)* < vol(S)?, (4.3)
MIn2 < L, < |E(S)| < vol(S) < vol(S). (4.4)
By (4.3)-(4.4), the same graph relations cannot simultaneously constitute the
external state in S and a cost-free copy inside S, while expanding internal

resolution @, strictly reduces the remaining boundary and free capacities
(@y, Ofree > 0) available to couple with S.

Dynamically, temporal progression is not supplied by an external parameter,
but emerges directly from K (Section 2.5.1). Across a multi-epoch partition,
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the slowest non-trivial Laplacian eigenvector ¢y = ¢, foliates the blocks

into N, ordered slices {S; ]Tvzfl (¢t(11n)1e << gbt(anig) with intrinsic slice proper-
time increments Aty (1) > 0(2.243), partial observer proper-time sum 7;,,;(7)
(2.246), and reference-metered horizon T (2.247)—(2.255). Complementarily,
on a single-epoch state partition, normalising dz,,,; by the subsystem’s rest-
frame distinction rate Qg > 0—or collective channel updates dkg, = Tr(Kq) dk
by vy Tr(Kq) at elementary step cadence v, > 0—fixes standardised observer

proper time dr (matching dt = dr at rest relative to Sy, (2.249)—(2.250)):

T

Tnat(7) = Z ATpar(s), (4.5)
s=1

dr = Smat __ dko (4.6)

Qp v Tr(Kg)

Along this emergent progression, observation couples both sectors of the
metriplectic generator (3.8). Within Kq, conservative circulation generates
volume-preserving Poisson transport on im(Ppy,) at zero boundary dissipa-
tion (Alirr,ﬁ(f) =0):

A={A H}. (4.7)

Conversely, stabilising external perturbations across K((;Xt) into a single block
Se expels unresolved fluctuations Qq xs across 95, accumulating discrete
slice boundary dissipation I, 5 r (3.13). Passing to the fine-slice continuum
limit (N, — oo, max, w; — 0,¢, — t € [0, T]) splits total pathwise dissipation
Ly 7[y] orthogonally into boundary dissipation and internal maintenance
(3.21), bounding physical dissipated work Wy;[y] at substrate fluctuation
scale 0 (Jnat_l):

N,

Iirr,a,T = AIirr,a(T): (4.8)
=1
T
Iirr,T[}/] = irr,a,T[Y] + J,O Iirr,Q(t) dt > Iirr,a,T[)’] >0, (4.9)
Wiiss [}’] 2> HIirr,T[Y] 2> QIirr,a,T[Y]- (4.10)

4.1.2  State Resolution and Multi-Slice Mixing

When an environmental configuration x € &5 (25| > Ns) couples across

ngXt) (2.85) and stabilises a unique CCE block & € {1, ..., M} read out by the
restriction operator Ryy, (2.53), the subsystem realises a block readout map
Os : X5 — {1,...,M}. Auditing (4.3)-(4.10) across dS bounds both single-
slice state resolution and multi-slice trajectory resolution along @iime-

THEOREM 4.1 (Embedded Observer Capacity Bound). Let S C V be an
open embedded observing subsystem (Ns < Ng, vol(S) < vol(S), [aS] > 0)
equipped with an admissible M-block assignment Ilg € {0, 1}’sM (Defini-
tion 2.1). Neither an isomorphic copy of S nor a complete self-representation
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of S can be realised within Kq. Specifically, the internal residual projector Qg
(2.60) has strictly positive rank, the resolved block count satisfies a strict finite

ceiling, and every block readout map across ngXt) is strictly many-to-one:
Og : X5 —{1,..., M}, (4.11)
rank(Qq,) = Ng— M > M > 1, (4.12)
M < min([Ns/2], |E(S)|) < Ng < Ng < |5, (4.13)

guaranteeing distinct environmental configurations x; # x, in Xg such that
Dg(x1) = Ps(x). In particular, on any finite embedded subgraph S, the resolved
block count M cannot pass to the continuum limit M — oo.

PROOF. Equation (4.3) bounds Qg < vol(S) and vol(S) < vol(S), precluding
both an isomorphic internal copy of S and complete self-representation of
S across an open cut @, > 0. Under Axiom I (2.125), every admissible block
a € {1,..., M} satisfies N, > 2 and K,, > 2 with K, = 2|E(S,)|. Summing
vertex and internal-edge counts across the M > 1 disjoint blocks gives:

M
Ng= ) N, >2M, (4.14)
a=1
1 M
B 2 5 > Ky > M. (4.15)
a=1

Subtracting M from (4.14) yields (4.12), while combining (4.14)—(4.15) with
Ng < Ngand Ng < | 25| proves (4.13). Because M < |2/, the finite pigeonhole
principle precludes injectivity of ®g, forcing ®g(x;) = ®g(x,) for at least one
pair x; # xy, and finiteness of Ng forbids M — oo. O

Because single-slice resolution is strictly many-to-one, propagating an unre-

solved block preimage <I>§1({a}) across ordered spectral slices {Sf}ﬁl along
@time induces multi-slice trajectory branching.

DEFINITION 4.2 (Coarse-Grained Mixing). Let {ST}?];1 be an ordered slice
foliation along ¢y, (Section 2.5.1), let U : &5 — X be a bijective single-
slice substrate step, and let &5 : s — {1,..., M} be the observer’s block
readout (4.11). For a block « € {1, ..., M} at reference slice 7, the numbers of
reachable forward blocks at slice 7 > 7, and reachable backward blocks at
slice 7 < 1) are:

ki(a;7, T

) i=[fosUTx) s x e a5 )| (> m), (4.16)
)=

k (a;70,7) = [{@g(U™ %) : x € @gl({a})}‘ (7 < 7). (4.17)

The dynamics exhibit coarse-grained mixing relative to ®g if there exist a €
{1,..., M} and slices r # 1, such that k, (a; 75, 7) > 1 or k_(a; 19, 7) > 1.

As illustrated on the two-dimensional spectral coordinate chart (z!,z%) in
Figure 4.1, bijective substrate steps shear states bundled inside im(Qg) within
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(a) Single Coarse-Grained Block (Slice ) (b) Multi-Block Dispersion (Slice 7> 1)
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FIGURE 4.1: Coarse-grained mixing across spectral coordinate blocks along ¢;..
(a) At reference slice 7, distinct fine-grained configurations in im(Qyy, )
occupy a single coarse-grained CCE block S, on the spectral coordin-
ate chart (z!, z2). (b) At a later slice 7 > 1, volume-preserving revers-
ible transport U'™™ shears those configurations across twelve coarse-
grained blocks (k, = 12), producing multi-block trajectory branching
without substrate randomness.

a single block S, at slice 7y across k; > 1 distinct coarse-grained blocks at a
later slice r > 7y, while trajectories originating in k_ > 1 past blocks coalesce
into S, across Cheeger bottlenecks (2.130).

THEOREM 4.3 (Multi-Slice Branching and Resolution Bound). Under coarse-
grained mixing (Definition 4.z), suppose a block a of an M-block assignment

ng) branches across slices 1y — T along @iime into k > 2 reachable forward or
backward blocks. Then:

1. Internal Refinement Ceiling: Resolving all k branches within S requires
refining ng) = Hgl)P (Theorem 2.z) into My > M + k — 1 blocks via an
inter-level difference projector APy_,5 (2.165) of rank My — M > k — 1,
enforcing across admissible blocks (Ké},? > 2) the capacity hierarchy:

Ink<(M+k—-1)In2< M In2 < £& < vol(s), (4.18)

bounded by 2M; < Ns and @8) > 2\ M.

2. Boundary Dissipation Bound and Continuum Horizon: Conversely, if S
retains the coarser M-block assignment ng) without resolving those k
branches internally, collapsing k substrate branches across 9S (1.35) en-
forces positive cumulative slice boundary dissipation Iy, 5 7 (3.13). In the
fine-slice limit (N, — oo, max, w, — 0, andt, — t € [0,T]), this sum
passes to:

N, T
T NT—>oo .
Iirr,a,T = Z AIirr,a(s) - > L Iirr,a(t) dt > Ink > 0, (4-19)
s=1

requiring physical work Wy;ss > 01nk (4.10).
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PROOF. Splitting block « into k > 2 disjoint sub-blocks while keeping
the remaining M — 1 blocks intact yields at least M + k — 1 level-1 blocks
(M; > M+k—1). Thus rank(AP;_,,) = M; — M is at least k—1 > 1 by (2.165),
with 2M; < Ny by (4.14). Because k < 2K and 25 < 2M+k=1 for M > 1, while
Axiom I enforces Ké}z) > 2 on each refined block, taking logarithms with
(4.4) establishes (4.18), and summing (Kéé))z > 4 across all M; blocks gives
@8) > ZM from @g) = ||Kg)||p Under ng), collapsing k > 2 distinct sub-
strate branches onto a single coarse-grained block expels at least In k nats of
unresolved branch multiplicity across dS (1.35). Summing the non-negative
slice increments Al 5(s) > 0 in (3.13) and passing to the emergent con-
tinuum integral (3.14) yields (4.19), and (4.10) gives Wy;ss > 6 Ink. O

Theorems 4.1 and 4.3 unify the inward and outward epistemic limits of the
monograph. Turned inward, the strict norm gap @, < vol(S) and positive
residual rank rank(Qp) > M prevent any physical system from construct-
ing a complete self-model without collapsing its boundary or free capacity,
grounding Theorem 9.1 in Chapter 9. Turned outward along emergent time
t € [0,T] in Chapter 6, multi-slice branching (k_,k, > 1) against the fi-
nite ceiling M; < |Ns/2]| confines every embedded observer to a bounded
Epistemic Bubble D¢, = [tg,13] (1.66) (Theorem 6.4). Backward proliferation
(k= > 1) saturates retrodictive capacity at tg (Section 6.3.1), whereas forward
dispersion (k; > 1) and open boundary damping dilute predictive signals
beneath the noise floor at &7 (Section 6.3.2).

4.13 Unobservability of the Continuum and Substrate Reversibility

Although smooth differential charts emerge in Chapter 2 (Section 2.5) across
the intermediate Weyl diffusion window ;! <« s < 5, treating an exact
spatial or temporal continuum or universal substrate invertibility as empir-
ically verifiable properties violates Theorems 4.1 and 4.3.

COROLLARY 4.4 (Unobservability of the Exact Continuum). Let an embed-
ded observing subsystem S C V project M > 2 admissible CCE blocks (K, > 2)
onto the spectral coordinate chart z(a) = ®'e, € R% (2.236)—(2.237) across
N; < M ordered slices {ST}JTV;I (2.243), assuming spectral non-degeneracy across
the retained coordinate modes so that z(a) # z(f) for all« # f. On any finite
subgraph S, spatial coordinate spacing across distinct blocks and slice proper-
time increments remain bounded strictly away from zero:

Azpin = min|z(a) — z(B)l, > 0, (4.20)
a#p
Atyat(1) = > I Kz ) () > IS/ In2 > 0, (4.21)

X€S;
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whereas passing to an exact spatial or temporal continuum (M — oo, or N; —
o0) drives the required Frobenius memory load, preserved structural capacity,
and M-branch boundary dissipation to diverge:

M—o0
Qg > 2VM —— oo, (4.22)
M—o0
Ley > MIn2 —— oo, (4.23)
M—oo
Liror > In M —— oo (4.24)

Consequently, no embedded observer can physically realise or verify an exact
continuous coordinate or trajectory.

PROOF. By Theorem 4.1 (4.13), M < |Ng/2] is finite, so the off-diagonal
index set {(a, ) : a # p} is finite and non-empty. Under spectral non-
degeneracy (z(a) # z(p) for @ # p), every pairwise distance |z(«) —z(f)|, is
strictly positive and attains a positive minimum Az,,;, > 0 in (4.20), while
K(zx),(r.x) = 2 on each slice block gives (4.21). Conversely, eliminating dis-
crete block spacing (Azy,ij, — 0 on a bounded domain) or refining slice in-
crements across a fixed horizon (N; — oo with M > N;) requires M — oo.
Because K,, > 2 on every admissible block implies @q > 2VM, apply-
ing (4.14), (4.4), and Theorem 4.3 (4.18)-(4.19) at k = M vyields the diver-
gences (4.22)—(4.24) together with Ny — oo and Wy — oo via (4.10), violat-
ing vol(S) < oo. O

At the quantum scale, Corollary 4.4 rules out hidden-variable models built
on infinite-precision classical trajectories, while at the cosmological scale
of Section 6.3.1 (6.88), it rules out integrating the continuous Raychaudhuri
equation past the discrete cutoff pX,Il to a zero-area singularity. Finite resol-
ution similarly bounds what an embedded observer can infer about global
substrate invertibility across slices.

COROLLARY 4.5 (Unobservability of Universal Substrate Reversibility). Let
U : X5 — X be any bijective substrate step across spectral slices and let
Os : X5 — {1,..., M} be any single-slice or multi-slice block readout stored
within an embedded subsystem S satisfying M < || (Theorem 4.1). There
exists a strictly non-injective map U : X5 — s that produces identical block
records for every x € Xs:

o5(U(x)) = @5(U(x)). (4.25)

Consequently, neither discrete multi-slice records nor their fine-slice continuum
limit along t € [0,T] can certify universal substrate reversibility of S from
within S.

PROOF. By Theorem 4.1 (4.13), every partition retained inside S—whether
resolving single-slice states or storing a multi-slice record across N, < M
sub-blocks—satisfies M < [Ng/2] and hence M < |Zs|. Thus there exist
distinct configurations y; # y, in L5 with ®s(y;) = ®s(y»). Because U is
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bijective, their preimages x; := U 1(y;) and x, := U~ !(y) satisfy x; # x;.
DefineU : 2§ — X5 by:

Ox) .= 7% (4.26)
Ulx), x#x.
Evaluating U and ®g o U at the merged preimages gives:
UCa) =y = Ulxy), (4.27)
0s(U(x2) = @5(y1) = D5(32) = D5(U(x2)). (4.28)

Because x; # xp, (4.27) shows that U is strictly non-injective while (4.28)
establishes (4.25) across all x € 2'5. Because Ng < Ns remains fixed, passing
to the fine-slice limit cannot lift M to |2s|. O

42 QUANTUM DECOHERENCE

Section 4.1 established that an embedded observing subsystem S C V pos-
sesses bounded relational capacity, evolves along emergent spectral time,
and accesses S solely through a many-to-one block projection. Quantum
measurement is the operational physics that emerges when this finite Epi-
stemic Lens couples to conservative substrate cycles. Rather than postulat-
ing wavefunction collapse or starting from primitive probabilities, we con-
struct each mechanism directly from the CCE operators of Chapters 2—3 and
then exhibit its exact counterpart in standard open-system quantum mechan-
ics. Section 4.2.1 derives Lindblad dephasing and Born pointer weights from
the coarse-grained Schur complement, Section 4.2.2 proves that First-Law
Casimir degeneracy is equivalent to Quantum Non-Demolition commuta-
tion, and Section 4.2.3 derives interferometric fringe visibility from detector
boundary dissipation while resolving the non-selective and delayed-choice
paradoxes.

4.2.1 Open-Boundary Reduction and Pointer Dephasing

How does an open subsystem S C V convert reversible substrate circulation
into irreversible pointer stabilisation without a non-unitary collapse postu-
late? Within cyclic blocks of K¢ (K, > 2N, Lemma 2.7), skew-symmetric
intra-block cycle currents Jo = —ng metered across the Tr(Kgq) internal
channels (2.249)—(2.250) span dimensionless action-normalised symplectic
quadratures (q,, p,) across blocks a € {1,..., M} (2.308). Mapping each ca-
nonical quadrature pair onto a complex cycle coordinate 1/, bridges the real
symplectic cycle space to complex Hilbert-space representation (Table 4.1),
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identifying the conserved quadratic cycle norm [i/[5 (2.301) directly with the
Euclidean ¢, capacity geometry of Theorem 2.4:

Yo = %, (4.29)
M 1 M

WG = 3 Wal* = > (g2 + p2). (4.30)
a=1 a=1

Normalising the bilinear outer product across blocks after eliminating S and
im(Qyy, ) defines the Hermitian block-coherence operator p(t) (Tr p = 1). Un-
der the coarse-grained Schur reduction Lk ¢ of Section 3.2.1(3.3)~(3.6), this
normalised coherence operator identifies directly with the reduced density
operator of standard quantum mechanics and lifts the metriplectic generator
(3.8) to operator space:

p(t) = Trg prot(®), (4.31)
. O0H N in
o= f"(%) + ./%p( 5; ) (4.32)

Both brackets in (4.32) inherit the exact algebraic split of Lk ¢ (3.6).

First, the conservative Poisson sector arises from isolated internal transport
on Lk (2.101) renormalised by the reactive Hermitian part of Xk ¢p,. For
the renormalised subsystem Hamiltonian H and linear energy functional
H(p) := Tr(Hp), reversible symplectic circulation along emergent clock
time ¢ ([, = 0) generates the unitary von Neumann commutator. Second,
in the weak-coupling Born-Markov regime where spectral persistence = >
1(3.5) separates rapid environmental correlation decay on S from slow pointer
relaxation on S, the dissipative metric sector induced by the positive semi-
definite boundary residual DEXt) — XKeny = O across ngXt)

time-local generator. Diagonalising this generator into decay channels with
rates y, > 0 and jump operators I:, recovers the master equation of Gorini,

Kossakowski, Sudarshan, and Lindblad (GKSL) [70, 103]:

reduces to a

SHY_ iy
f,J(g) = ——[H.p), (4:33)
. ] 3 r r 1 T 7
p= —%[H, pl+ > 1 (L,erT - E{Lf Lr,p}), (4.34)
r

where {X, p} := Xp + pX denotes the operator anticommutator.

In the coarse-graining algebra of Section 2.2.1 (2.57), coupling S across ngXt)
resolves the M mutually orthogonal CCE block projectors P, weighted by
dimensionless real pointer eigenvalues a, € R (normalised by the charac-
teristic inter-block scale so that all inverse-time rate dimensions reside in
[, > 0), identifying Zurek’s dimensionless Hermitian pointer observable
A = AT as the single-channel jump operator L; = A at rate y; = Ty [173].
Quantifying off-diagonal coherence loss on S via the dimensionless linear en-

tropy Siin(p), tracing out S across ngXt) yields the Schur-reduced boundary-
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port cometric .# , as the symmetric, positive semidefinite double commut-

ator generated by A:
. M
A=Y a,P, (4.35)
a=1
1
Sin(p) := 5 (1= Trp?), (4.36)
T, . .
M y(Sp) = E[A’ [A, 6p]]. (4.37)

Positive semidefiniteness of .#, follows from (Sp, 4 ,(5p))ys = 0 for Her-

mitian A and 8p, while commutator antisymmetry [A, A] = 0 annihilates
/A p(IAS) and p(A) identically, rendering both the trace identity and the
pointer observable automatic Casimir invariants of the boundary port. Be-
cause the variational gradient of §j;,(p) equals —p, substituting (4.33) and
(4.37) into (4.32) yields the metriplectic measurement master equation:

. Lo o oa
p= —5[H,p] - 7[A, [A, p]]

; r
P - 438
=——[H,p] - 7{A2,p} + T,ApA (4.38)

Schi turn {1
open-boundary damping ~ °¢ur return Hux

Comparing (4.38) with the projected Schur split (3.6)—(3.7) exposes the phys-

ical role of each term: the outward degree potential +D§§Xt) acts from the left
and right on p as the damping anticommutator, while the inversion commut-
ator —¥g eny = %HS([[(-)_l, Es1(G,)) (Lemma 2.3) acts bilaterally across S

as the incoherent return jump. Just as subtracting X.,, from DgeXt) in Ex-
ample 2.1 (2.46) restored exact conservation (Lesr1g = 0) on the discrete
graph, combining open-boundary damping with the Schur return flux en-

forces exact trace conservation Tr(p) = 0, reducing to unitary von Neumann

flow whenever the external port is closed (ngXt) =o0,T, = 0). Evaluated in

the block eigenbasis Ala,) = a,la,) across a, f € {1,..., M}, the metric dis-
sipator acts entrywise as:

. _ r(p 9
(’Daﬁ)diss - _?(a’l - aﬁ) Pap- (4.39)

Equation (4.39) exponentially damps off-diagonal phase coherences p, 5 (@ #
B) while strictly conserving the normalised £, diagonal block weights p,, =
Tr(Py, p) inside im(Py,). Why, then, does an individual measurement run
register a discrete outcome in a single pointer block S, rather than splitting
deterministically across all M ports with fractional intensities p,,, like a clas-
sical continuous wave? By Definition 2.1 and the continuous metriplectic
reduction of Section 2.5.2 (2.326)—(2.327), the M pointer blocks of an admiss-
ible detector are not linear waveguides that sustain fractional co-occupancy,
but mutually exclusive Kramers attractor basins %y,..., By C Z separ-
ated by unstable saddle separatrices 9%, of barrier depth Alyarriera—p =
InE > 1 (2.127). A split configuration straddling multiple blocks sits on an
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unstable saddle ridge outside im(Pyg,). On each trial, coupling the incom-
ing excitation to the specific unresolved fine-grained state in im(QﬁS) =

im(Qry,) ® S (2.69) breaks saddle symmetry, and metric gradient flow IMVS
sweeps the joint state at intra-basin rate Tr_ezllax ~ Vo Yint(Sy) into a single
Kramers basin %, locked against escape (Tescape > Trelax)- Because The-
orem 4.1 prevents S from resolving those pre-coupling fine-grained states,
coarse-grained mixing across the separatrix (Definition 4.2) partitions re-
peated preparations into single-basin capture preimages, and under the £,
rotational symmetry of the conserved quadratic cycle norm (4.30) across un-
resolved residual phases—parallel to Gleason’s frame-function theorem [69]
and Zurek’s envariance symmetry [173]—the unique additive capture meas-
ure matches the conserved €5 Born block weights p,, (Table 4.1). Wavefunc-
tion collapse is therefore neither a non-unitary postulate nor a subjective
update of knowledge, but single-shot Kramers basin relaxation onto im(Ppy,)
driven by open boundary dissipation across 9S.

CCE substrate construct Quantum measurement Physical role
counterpart
Normalised cycle outer Reduced density operator Tracks  coarse-grained
product on im(Py,) p =Trs prot block weights and inter-
block phase coherences
Internal capacity Laplacian Ly~ Unitary commutator Conservative symplectic
(Iro = 0) —% [H, p] phase circulation along
emergent clock ¢
Boundary Schur residual GIF(SL double commutator Open-port damping
Dg"") —ZKeny = O —2[A[A pl] +D§§Xt) balanced by Schur
return =2 ., (Tr p = 0)
Block projectors {a,, P, }iL, Pointer observable A = At Diagonalises im(Pp,) and
and Born weight p,, fixes normalised €, block
weights
Metriplectic Casimir QND commutation Zero dissipative backac-
degeneracy (H,-) , =0 [A,H]=0 tion power on tracked en-
ergy (H)
Cut internalisation Jp vs. Coherent conduit K(ge’(t)(x) Unmonitored fringe
dipole AP, _,, vs. visibility formation vs. dissipation-
V(T) = Ve Pohmar driven which-path
dephasing
Bridge dist;(i, j) = 1in Bell state |®*) and Tsirelson = Two-quadrature bridge
im(Qp,) vs. Q5 > 1 ceiling |Sepsy| < 242 projected onto ¢, dipole

vectors with g5 = 0

TABLE 4.1: Correspondence between native Conservation-Congruent Encoding
(CCE) operators and the canonical formalism of open-system quantum
measurement and entanglement.
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4.2.2  Quantum Non-Demolition and Measurement Backaction

Why did the Kulkarni-Nomizu 4-bracket (2.320) enforce MVH = o (2.323)
identically for every Hamiltonian in Section 2.5.2, whereas the GKSL meas-
urement cometric .#, (4.37) need not conserve (H) on S? Because (2.320)
acts on the closed joint state p;o; of the combined system-plus-apparatus
graph V.= S U S. On V, the total Hamiltonian Hy = H® fg + Hoy
sums the subsystem energy (H) and the external probe and port-coupling
energy Heyi(prot) 1= Tr(H.y Prot) ACTOSS ngXt) ®KGg, so contracting the joint
Kulkarni-Nomizu 4-bracket with H,; enforces (Hiot,-) = 0 (2.324) identic-
ally:

Htot(ptot) = <I:I> + Hext(ptot)a (4~40)
dH, A dH,
< tot) — < > + < ext) -0 (4.41)
dt /diss dt diss dt /diss
Tracing out S via (4.31) projects the joint flow onto S alone and drops the ex-

ternal apparatus energy Hey; across ngXt), just as projecting Z = (x, p, ST
onto (x, p) in Example 2.9 (2.334) dropped 6S to expose mechanical damp-
ing. Auditing the reduced energy rate across the A-generated port comet-
ric (4.37) therefore determines when (H) is conserved autonomously on
S without external work transfer across 95, establishing the exact equival-
ence between reduced First-Law Casimir degeneracy and Quantum Non-
Demolition (QND) measurement [23].

THEOREM 4.6 (Energy Conservation and Quantum Non-Demolition Meas-
urement). Let ./ , be the metriplectic measurement metric bracket (4.37) with
active dephasing rate Iy > 0 generated by a Hermitian pointer observable
A = A" and Hermitian Hamiltonian H = H. The dissipative energy exchange
rate along emergent clock timet evaluates to:

d(H) r NP
(T>diss = - Te([A[A Hllp). (4.42)

The Hamiltonian generator H is an exact Casimir invariant of the measurement
metric bracket, (H,-) ,, = 0, conserving tracked energy identically across all
density operators p, if and only if [A,[A, H]] = 0, which for Hermitian A and
H holds if and only if A satisfies the Quantum Non-Demolition commutation
criterion:

[A H] =o0. (4.43)

PROOF. For the linear Hamiltonian functional H(p) = Tr(H p) and linear
entropy Sjin(p) (4.36), contracting the metric bracket (4.37) with the vari-
ational gradient —p yields:

d(H) A .
(T)diss - <H ‘%P(_p»Hs - _?qo Tr(H[A, [A, P]])- (4.44)
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Applying the cyclic invariance of the trace gives the commutator and Hilbert—
Schmidt norm identities:

A~

Tr(H[A, [A, p]1) = Tx([[H, A], Alp) = Tr([A,[A H]]p). (4.45)
|, H]) = |

Tr(ALA,[A A1) = Te(1A, ATTIA, A1) =

1s = 0, (4.46)

where (4 45) establishes (4.42), and (4. 46) uses [I:I, A] = [A H]T for Her-
mitian A and H. Because I, > 0and [A ,[A, H]] is Hermitian and trace-

less, Tr([A, [A, H]] p) =0 holds across all density operators p if and only if
[A,[A, H]] = 0, which by (4.46) holds if and only if [A, H] = 0. O

When [A, a | # 0, Casimir degeneracy is broken on the reduced sector S
and the observing subsystem exchanges non-zero measurement backaction
power (in watts when t is metered in seconds via (2.255)) with the external

probe across K(;Xt), balancing (4.41) identically:

d 2 r A
( Hm)a- _ (@) = —Te([A [A Allp). (4.47)
18S diss

dt dt 2

Global Kulkarni-Nomizu energy conservation (Hioy,-) = 0 thus holds uni-
versally on V = SuS, while QND commutation [A, H] = 0 characterises pre-
cisely those boundary measurements whose dissipative dephasing transfers
zero work across 9S. Similarly, two non-commuting observables [A B] =0
correspond to incompatible coarse-graining refinements that cannot be sim-
ultaneously stabilised without mutual metric disturbance (Section 4.3.3).

As illustrated in Figure 4.2, conservative internal transport drives unitary
precession around constant-energy orbits while boundary Schur damping
contracts off-diagonal coherences onto im(Pyy, ), conserving tracked energy
exclusively along QND observables.

4.2.3 Relational Interferometry and Delayed Choice

Why does a single quantum excitation produce interference fringes when un-
monitored yet register localised detections when observed? Prior to coupling

(ext) . e e . . .
across Ka , a propagating excitation carries neither an internal memory
core Kq nor preserved structure L., o, and is metered against the observer’s
emergent clock ¢ (2.250). Along a transit path y of proper cadence w, and
proper duration z[y], action S[y] accumulates phase calibrated by #, so a
path difference AL(x) := Lg(x) — Ly(x) between slits A and B to screen

block S, induces the relative clock phase shift:

Sly]
hy = —O)),T[)/] = _Aqoclock[)/], (4.48)
27AL
A@eroek(x) = PaL(x) = ”—(x), (4.49)
h AdB
Adp = @, (4.50)

P
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Pointer Axis A= G,

P, (0)0])

Iso-Energy Plane (H) = const
(A, H]=0)

Poisson Precession 7,

_______ A plto)
Metric Dephasing M,

Pz, (|1<1)

FIGURE 4.2: Metriplectic geometry of quantum measurement and the Quantum
Non-Demolition (QND) Casimir condition on the two-block Bloch
sphere (P, = [0)(0|, P,, = [1)(1]). Along emergent relational clock
time t, flow from an initial state p(t,) splits into conservative Pois-
son precession 7,(6H/dp) = —(i/h)[H, p] (teal, along constant-
energy orbits) and dissipative metric dephasing . ,(6Ss,/0p) =
—(T,/ 2)[A,[A, p]] (crimson, contracting off-diagonal coherences radi-
ally onto the decohered block state p; € im(Py,) along A = 6,). Under
the QND condition [A, H] = 0, the metric bracket satisfies (H, ) , = 0,
confining dephasing strictly to the iso-energy plane (H) = const at
zero backaction power.

where p denotes canonical momentum and Agg the de Broglie wavelength.
Whether this relative phase shift produces interference fringes across the
screen blocks is governed by Theorem 2.2 in Section 2.3.2.

In an unmonitored interferometer with Kgdet) = 0, no detector couples at the

slits, so I’y = 0 and Iirr,a = 0. Because S implements the coarsened assign-

ment II® = WP (2.151) merging both pathways into the same screen block
Sy, the cut-internalisation operator Ip (2.160) folds the inter-pathway phase
relation directly into the screen conduit capacity:

K(gext)(x) o |ei(pA(x) + ei¢B(x)’2 — 2(1 + cos A(Pclock(x))' (451)

At anti-phase positions where A@gjock(Xdark) = 7, destructive cancellation

drives K(geXt)(xdark) = 0, which by the CCE flux-support rule (2.310) enforces
vanishing boundary flux into S, . A particle does not ‘decide’ to avoid a
dark fringe. Instead, internalising both pathways into S, closes the boundary

conduit into Sy, .

(det)
[Z]

path detector refines the partition to n®, allocating at least two disjoint
detector blocks S;, n S, = @ (Section 2.3.1) of preserved capacity Aley o (in
nats) within Kq, and correlating the slit pathways with detector states [D )

In a monitored interferometer with K # 0, coupling an upstream which-
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and |Dg) of pre-measurement overlap 7, := [(Dg|Da)| € [0, 1] during initial
reversible coupling:

ALy > In2, (4.52)
(calA) + cg|B))IDg) —> calA)D4) + cplB)|Dp). (4.53)

Tracing out D without conditioning already weights unconditioned screen
fringes by 7 in accordance with Englert—Greenberger—Yasin wave—particle
duality [50]. Yet so long as the correlation (4.53) remains isolated inside the
tracked subspace with [, 5 = 0, unitary recombination via P (projecting D
onto symmetric quantum-eraser states |D, )) can still re-internalise the inter-
block cut through Jp and recover unit conditioned fringe visibility across
{Sy} even when 7{, = 0. Stabilising |D4) and |Dp) into persistent CCE blocks
(2 > 1, (2.127)), however, expels unresolved two-branch fluctuations across
dS at boundary power Py 5(t) (3.15), incurring cumulative boundary dis-
sipation I, 5 7 (in nats) by Theorem 4.3 (4.19) and driving dephasing under
linear port-coupling proportionality:

. Piss,o(t)
L) =1y L p(t) = mp%, (4.54)
T .
Iirr,a,T = J;) Iirr,a(t) dt >1In2, (4.55)

where 7, € (0,1] is the detector’s dimensionless linear boundary-coupling
efficiency and I, 57 (3.14) is clock-invariant across the emergent horizon
telo,T].

On the rank-1 inter-level difference subspace im(AP;_,5) (2.165) (Example 2.5),
the binary which-path observable with eigenvalues ay = +1 and ag = —1
is the signed dipole operator, and integrating (4.39) across [0, T| damps the
inter-slit coherence modulus exponentially with L, y 7

A =|A)A| - |B)(B, (4.56)
paB(D)| = [pap(O)] exp[~2n, ki a7] (4.57)

Normalising the resulting screen conduit flux (4.51) for symmetric slit cycle
amplitudes /4 (x) and g(x) recovers the standard interferometric Born de-
tection profile Pocg(x) across {S, } with fringe visibility 7(T) (setting 7 = 1
for pure boundary dephasing without an ancillary latch, or for conditioned
quantum-eraser readout):

Pece(®) = S aCOE + WGP + 7 MRelyays)] . (458)
7(T) := Vg exp|-2n,lir o7] €10,74]. (4.59)

ExAMPLE 4.1 (Interferometer Visibility Decay from Detector Boundary Dis-
sipation). Consider a symmetrically illuminated double-slit interferometer
with equal screen amplitude moduli [/4(x)| = [/5(x)| = ¢y > 0, unit coupling
efficiency 1, = 1, and continuous boundary dephasing directly across the
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slit channels (7, = 1, including conditioned quantum-eraser readout). Sub-
stituting these parameters into (4.58)—(4.59) simplifies the normalised screen
conduit profile to:

Pecg(x) = Y§[1+ 7 (T) cos Apeiock (%)) (4.60)

Let Pyright and Pyl denote Pccp(x) at constructive (Apcioc = 0) and de-
structive (A@cock = 7) fringe positions. Evaluating visibility and conduit
weights from (4.60) across the unmonitored regime (L9 = 0), the two-
branch dissipation floor (I;; 57 = In2), and a large-multiplicity detector
latch (L, o1 = 10%) gives:

(7 Poright Paark)lr, o = (1. 245, 0), (4.61)
(7', Poright> Paark) hoprelnz = (0.25, 1.25y¢, 0.75¢), (4.62)
(%’ Pbright’ Pdark) Ly 7=10* =~ (0, ¢()2, ¢02) (4.63)

Expelling In 2 nats of boundary dissipation at the two-branch threshold sup-
presses fringe visibility by 75%, while high-multiplicity latch stabilisation
extinguishes interference completely into an incoherent sum. O

Equations (4.56)-(4.59) resolve two classic interferometric puzzles directly
from boundary dissipation. First, fringe suppression persists even under a
non-selective measurement that ignores or sums over the upstream blocks
{aa, a}. Once open-boundary stabilisation occurs (I o7 > 0), phase coher-
ence across im(AP;_,,) has already been irreversibly exported across 9S into
S, so coarse-graining over decohered diagonal weights in im(PH(l)) cannot

S
retrieve lost phase correlations or reopen the coherent conduit (4.51).

Second, the same coarsening algebra resolves Wheeler’s Delayed-Choice Para-
dox [169], in which the observer selects between an unmonitored screen

(M®) and a path-resolving detector ([I(V) only after the excitation has entered
the interferometer. Standard accounts find this paradoxical only because

they assume an observer-independent classical trajectory inside the unmon-
itored region S, asking how a downstream choice can retroactively decide

whether the excitation ‘travelled through one slit or both. Prior to boundary

coupling across ngXt), however, no block of K¢ is coupled and no coarse-
grained record exists. Asserting that the excitation occupied slit A or slit B at

earlier slices is an instance of retrodictive divergence (Section 4.1.2 and Sec-
tion 6.3.1), projecting the post-registration refinement ) backward onto

an unpartitioned substrate history. The delayed reconfiguration alters noth-
ing at earlier slices, and merely selects whether S implements @ via Ip or

refines to IV when boundary registration occurs.

43 QUANTUM ENTANGLEMENT

Whereas Section 4.2 examined how a single boundary port resolves phase
coherence along a local transit channel, quantum entanglement tests the
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spatial locality of the coarse-grained substrate itself. When an embedded ob-
serving subsystem S monitors two coarse-grained detector blocks S, and Sg
that share a common source preparation, joint measurement records exhibit
correlations that violate classical Bell inequalities without permitting remote
block-weight signalling. This section resolves that apparent non-locality nat-
ively within Conservation-Congruent Encoding by contrasting direct graph
adjacency in the unresolved complement im(Qpy,) with the coarse-grained
resistance metric Q,5 on im(Pyy,), and showing how each step maps onto
the standard Bell, no-signalling, and Tsirelson relations.

43.1 Two-Cycle Phase Bridges and the EPR Dilemma

Consider the single embedded observing subsystem S of Section 4.1 mon-
itoring two coarse-grained detector blocks Se> Sp (a, p € {1,..., M}) on its
internal capacity matrix Kg (4.2). On the coordinate-free relational graph
G = (V, E), suppose two conservative cycle modesi € S, and j € Sg prepared
at a common interaction vertex share a direct graph bridge {i, j} € E inside
the unresolved residual subspace im(Qp,), locking both canonical quadrat-
ures (g, p) across the pair (Section 4.2.1) while leaving each block’s normal-
ised quadratic weight unpolarised at p, = 1/2 and pg = 1/2 on im(P).
In the canonical two-qubit Hilbert-space representation across binary sub-
blocks {|0), |1)} at each detector port (Table 4.1), this locked two-cycle bridge
corresponds to the maximally entangled Bell state |®*) and joint density
operator papg:

@) = 'O(’)% (464)
pap = @ NPT (4.65)

Although pap is globally pure, tracing out either detector register leaves
each reduced port state p4 and pg maximally mixed, yielding von Neumann
entropies and quantum mutual information (in nats):

Swn(pap) =0, (4.66)
SuN(pa) = Syn(pp) = In2, (4.67)
Son(pa) + Sun(pp) — Sun(pap) = 21n 2. (4.68)

Whereas a classically correlated binary register pair cannot exceed In 2 nats
of mutual specification, the two-cycle bridge carries 2 In 2 nats because each
conservative cycle spans a two-quadrature symplectic phase plane (g, p) (Sec-
tion 4.1.1 and Section 4.2.1), locking both discrete amplitude parity and con-
jugate relative phase across the pair while leaving each single-port block
weight unpolarised.

Einstein, Podolsky, and Rosen (EPR) argued that if resolving an outcome at
detector o predicts the outcome at distant detector  without disturbance,
quantum mechanics must be incomplete or non-local [48]. Bell’s theorem
and the CHSH inequality of Clauser, Horne, Shimony, and Holt then showed
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that no local hidden-variable model can reproduce the trigonometric coin-
cidence law or reach the 2/2 Tsirelson bound [13, 32, 33]. Within CCE, this di-
lemma is a projection artefact of the Platonic Observer Fallacy (Section 1.5 and
Section 4.1.1), arising from mistaking the coarse-grained resistance geometry
on im(Ppy, ) for the full adjacency structure of G. Resolving the paradox from
the operators of Chapter 2 comes down to two physical questions. First, why
does a unit-distance graph bridge in im(Qpy) coexist with large resistance
separation Q3 > 1 on im(Pyy,) while keeping remote block weights strictly
invariant? Second, how do inter-scale dipole projections AP;_,, at port ori-
entations (¢,,¢p) produce Malus’s coincidence law and the 24/2 Tsirelson
bound rather than the classical ceiling of 2?

4.3.2  Direct Graph Adjacency, Conductance Dilution, and No-Signalling

By Theorem 4.1, the embedded subsystem S cannot resolve G directly, and
instead partitions the substrate through the orthogonal projector split (4.1)
and contracted capacity matrix Kg (Section 2.2.1 and Section 2.2.2). On the
coordinate-free relational graph G = (V, E), there is no background spatial
container, so the two cycle modes i € S, and j € S share a direct bridge
{i,j} € E at unit graph distance and order-unity bridge capacity Kjigge (in
links) inside im(Qq,). Under the coarse-graining projection im(Py), how-
ever, effective separation between detector blocks S, and Sz is governed by
the Klein—Randi¢ resistance metric Q4 across the capacity Laplacian Lg
(Section 2.5.1, (2.239)) [85]:

Qup = (e — eﬁ)TLIT((ea —ep) > 1, (4.69)
distg(i, j) = 1, (4.70)
Kpridge = O(1). (4.71)

Sustaining the 2 In 2 nats of two-quadrature correlation (4.68) across an order-
unity link bridge (Kpigge = O(1)) up to detection requires pre-detection
bridge isolation. Prior to coupling into the detector latches, the transit modes
i and j must remain shielded from external environmental cuts (I, 5 = 0 and
I, = 0, as in vacuum photonic channels or cryogenic traps), because any
premature boundary dissipation along an 0(1) link exports relative phase
across 9S via (4.57) and degrades the bridge towards a separable classical
pair. Once the isolated modes couple to the coarse-grained detector blocks
Se and Sp, each bundling an Avogadro-scale internal capacity K, > 1,
the single direct bridge is diluted on Kg by the block degree volume d, =
Kyo (Section 2.3.1, (2.133) and (2.138)). Consequently, on the capacity graph
Gk, detector blocks S, and Sg communicate across coarse-grained registers
only through a multi-hop chain of intermediate blocks, yielding Q,p > 1.
Apparent ‘spooky action at a distance’ arises when the observer mistakes
a boundary-isolated unit-distance bridge in im(Qg,) for an instantaneous
jump across the large resistance separation Q3 > 1 of im(Pyy,).

Can a local phase rotation or sub-block refinement at S, alter the remote
block weight at Sz through the direct bridge? By the single-step transition di-
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lution bound of Section 2.3.1(2.138), the per-trial transition probability across
the bridge is suppressed by the block degree volume d,;:

Kbridge _ Kbridge
dO{ K(XIZ
Whereas conductance dilution (4.72) governs the large coarse-grained res-
istance separation Q,z > 1 between coarse-grained detector latches, exact
marginal no-signalling holds algebraically at any finite local Hilbert dimen-
sions du,dg > 2. Within the commuting projector tower of Section 2.3.2
(2.164), resolving a binary outcome a € {+1,—1} inside detector block S, re-
fines the level-2 block S, into two disjoint level-1 sub-blocks S, , and S, _
along AP;_,, (2.165), while on the bipartite register state p4p any local Kraus
channel &, with operators {M;} on S, satisfies trace-preserving complete-

ness:

~107% — 0. (4.72)

Tymrp =

Ealpap) = ). (M ® Ip) pap (M;j ® Ip), (4.73)
k
3 MM = L. (4.74)
k

LEMMA 4.7 (Remote Block-Weight Invariance and No-Signalling). Let Pro
S

andPn(l) form a commuting projector tower (2.164) on S with orthogonal dipole
diﬁ”ererfce projector AP_,, (2.165), and let €4 be any local trace-preserving
Kraus channel (4.73)—(4.74) at finite local Hilbert dimensions dy,dg > 2. For
any local zero-sum dipole refinement S, = S, . U S, _ or local measurement
channel & 4 at detector block S,,, the remote reduced state Tr A(& 4(pap)) equals
Trs(pap) and the normalised €5 block weights satisfy:

P AP, = o, (4.75)
S

Pa+ t Pa,— = Pas (4.76)
pp = 0. (4.77)
Under the Born block-weight correspondence of Table 4.1, (4.77) recovers exact

quantum marginal no-signalling at every finite register scale without relying
on the asymptotic dilution limit (4.72).

PROOF. By theidempotence and hierarchical nesting identity of (2.164), left-
multiplying the difference projector AP;_,, by the level-2 projector Pro
S
gives:
PH§2>AP1—>2 = Png” (Pnél) - PHf))
(4.78)
= Pngz) - Pngz) =0,

which conserves the total block weight p, = p, + + p, —. Applying partial-
trace cyclicity on S, to (4.73) and substituting Kraus completeness (4.74)
gives:

Tra(&alpap)) = Tra (4.79)

(Z MIZLMk ® fB) PAB]
k

= Tra(pap);
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(a) Direct Graph Adjacency vs. Resistance Distance (b) Dipole Projection & Multi

FIGURE 4.3: Quantum entanglement as a coarse-graining projection illusion for
a single embedded observing subsystem S. (a) Structural mismatch
between direct graph adjacency and the coarse-grained resistance
metric: cycle modes i € S, and j € Sy share a direct unit-distance
phase bridge dist;(i, /) = 1 in the unresolved complement im(Qy,),
whereas coarse-graining onto im(Py) dilutes the single bridge by the
internal block degree volume, separating detector blocks S, and Sg
across Gk by a large resistance distance Q,z > 1. (b) Inter-scale di-
pole projection and multi-slice routing along ¢;,.: local phase settings
(¢4> @) orient the unit dipole vectors u(¢,) and v(¢s) before metric
sub-block stabilisation while leaving the remote block weight strictly
invariant (g = 0). Verifying the trigonometric coincidence law and

Tsirelson bound requires routing both stabilised records across Kgm)
over Ar, > distg, (a, B) positive slices.

compare =

holding every remote block weight pg invariant (pg = 0) identically. O

Because S can evaluate joint correlations only from stabilised block records
in im(P,), while each individual block weight remains unpolarised, veri-
fying the shared correlation (4.68) requires routing the stabilised sub-block
Snt) along
ordered spectral slices {S;} of @iime into a shared comparison block in Kg.
By the flux-support rule (2.310) across graph distance distg, (@, ) > 0 on
Gk and Theorem 4.3 (4.19), coincidence comparison requires strictly posit-

ive slice transit Az.ompare and irreversible boundary dissipation:

records from S, and Sg across the internal transition conduits K

Atcompare 2 distg (a, f) > 0, (4.80)
AIi(rcr?am P > Ino. (4.81)

Likewise, in entanglement swapping across two independent bridges (S, S,.1)
and (S; 2, Sp), a joint Bell-basis projection inside an intermediate relay block
S, = 8,1 U S, leaves the unconditional marginals at S, and Sz invari-
ant by (4.79), conditioning remote (S, Sg) sub-ensembles only after clas-
sical relay records traverse Gk within the bound (4.80). When Chapter 6
(Section 6.2) projects K onto its emergent Lorentzian metric, the multi-slice
graph-routing bound (4.80) maps directly onto the causal light-cone ceiling.

As illustrated in Figure 4.3, distinguishing the coarse-grained resistance met-
ric Qg 5 on im(Pyy, ) from direct graph adjacency in im(Qyy,) dissolves appar-
ent non-locality into local conservation bookkeeping.
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4.3.3 Dipole Projections and the Tsirelson Bound

How does the observer resolve a binary outcome +1 at each detector block
and recover the continuous trigonometric coincidence law? By Theorem 4.6,
a coarse-grained detector block S, can stabilise only one commutative binary
refinement S, = S, LS, _ at a time, while non-commuting phase settings
¢y * @ correspond to incompatible level-1 refinements of the canonical
cycle (qu, po)- Measuring S, at orientation ¢, couples both metriplectic sec-
tors of Section 4.1.1, first applying a reversible symplectic rotation R(¢,) €
SO(2) (or SU(2) when the cyclic synchronisation index rgyy,. € {1,2} equals
2, as derived in Chapter 5, Section 5.1.1) within Kg at zero boundary dissipa-
tion (L9 = 0, (4.7)), and second activating metric damping across ngXt) to
stabilise a € {+1, —1} into sub-block S, ; or S5, _ (4.19).

By the commuting projector tower of Section 2.3.2 (2.164) and Example 2.5
(2.183), while the level-2 projector P conserves the total block weight p,,

the rank-1 difference projector API_,; (2.165) isolates the unit signed dipole
vectors u(g,) and v(gg) oriented by ¢, and ¢g. Evaluating the binary sub-
block stabilisation dissipation (4.19), the Euclidean £, dipole inner product
E(@q. ¢p) across the locked two-cycle bridge (Section 2.4.1), and the resulting
normalised aligned-channel overlap P(b = a | a,¢,,pp) recovers Malus’s
coincidence law:

ALY, > 1n2, (4.82)
2@ — 0p)
E(‘/’(x’(/’ﬂ) = (u(gy), V(‘Pﬁ» = C05<a—ﬂ) ) (4.83)
sync
1+ E(py, ¢3) -
P(b=ala ¢4 pp) = e COSZ<M), (4.84)
2 Tsync

where rg. = 1 for bosonic optical polarisation cycles and rgy,. = 2 for

fermionic spin—% cycles, and each local binary stabilisation requires physical
work Wyiss > 61n 2 (4.10).

THEOREM 4.8 (Quadratic Capacity Geometry and the Tsirelson Bound). Let
binary measurement settings x € {0, 1} at detector block S, and y € {0, 1} at de-
tector block Sg project a shared two-cycle bridge onto unit dipole vectors ug, u;
and vy, vy in the dipole subspace im(AP{_,5) equipped with the Euclidean ¢,
inner product (-, ):

laylz = vy l2 = 1, (4.85)
Eyy :=(uy, vy), (4.86)
ScusH = Eoo + Eo1 + E1o — Eq1- (4.87)

Then the Clauser—Horne—Shimony—Holt (CHSH) correlation functional Scysy
is strictly bounded by the equivalent quadratic and linear Tsirelson ceilings:

Sepsn < 8, (4.88)
Scrstl < 2v2. (4.89)
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PROOF. By bilinearity of the inner product, factor the CHSH functional as:

Scrsa = (U, Vo + V1) +(uy, vo — vy). (4.90)

Applying the Cauchy—-Schwarz inequality to each inner product for unit vec-
tors uy and u; gives:

IScusul < [vo + vilz + Ive — vl (4.91)

Squaring both sides and applying the elementary inequality (u+w)? < 2(u?+
w?) together with the parallelogram identity on any inner-product space
yields:

Sasi < 2(Ivo +vl} + Ivo — v1l)

, , (4.92)
= 4(|vol5 + Iv4l3) = 8,

for unit vectors v and vy, establishing (4.88)-(4.89). Equality holds when v,
and v, are orthogonal and ug, u; align with vy & v;. O

EXAMPLE 4.2 (Evaluating the CHSH Functional at Optimal Coincidence
Angles). To see how the dipole inner product (4.83) saturates Theorem 4.8,
consider two spin—% cycles (rgync = 2) projected onto coplanar unit dipole
vectors u, and vy, at four equally spaced port orientations:

T T
(900(,0’ ﬁoa,l’ (pﬁ,()’ (pﬁ,l) = (O’ Es Z; _Z> 5 (493)
10
u, u)= , (4.94)
(20 w) (0 1)
1 (1 1
= — : (4.95)
(o w) J2 (1 —1)
Evaluating the four pairwise dipole inner products from (4.83) gives:
1
Eyy = Eg1 = E9 = cos<£> =+4+—, (4.96)
00 = £o1 10 1 NG
3r 1
E; = cos(—) =——. (4.97)
11 1 7

Substituting these correlators into the CHSH functional (4.87) and compar-
ing against any deterministic binary assignment ay, a;, by, b; € {+1, —1} yields:

ScHSH = % + % + % - (—%) (4.98)
= 242 ~ 2.828,
ao(bo + bl) + al(bo — bl) = :|:2. (499)

Because v, and vy are orthogonal and their sum and difference align collin-
early with uy and uy, the Euclidean dipole projection saturates SéHSH =38,
whereas any deterministic binary assignment on a single joint sample space
is restricted to the classical cut polytope ceiling +2 because one of (by + b;)
vanishes while the other equals £2. O
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Lemma 4.7 and Theorem 4.8 pinpoint which hypothesis of Bell’s theorem
fails [13, 33]. Bell’s classical ceiling |Scysy| < 2 rests on factorising joint out-
come probabilities across a setting-independent classical preparation vari-
able A € Qp v carried through background space:

p@a.b | ¢a0p) = JQ puav(A) pla | ¢, 1) p(b | 9p, 1) dA. (4.100)

LHV

Within CCE, both measurement independence (local port settings ¢, ¢ chosen
independently of source preparation) and parameter independence (remote
block-weight invariance pg = 0 in (4.77)) hold strictly. What fails in (4.100)
is Bell factorisability, combining outcome independence across coarse-grained
spatial separation with counterfactual joint definiteness across incompatible
refinements. Bell’s factorisation assumes that large spatial separation (Q, 5 >
1 on im(Ppy,)) implies topological separation on the substrate, screening out-
come b from outcome a once A is fixed, and simultaneously assigns four pre-
existing binary values ay, by, € {+1, —1} across non-commuting orientations.
In CCE, Q,p > 1 governs only im(Pp,) while the boundary-isolated unit-
distance bridge {i, j} € E (4.70) persists undivided in im(Qyy,) until readout,
breaking outcome independence via (4.84). Simultaneously, Theorems 4.1
and 4.6 forbid co-realising incompatible level-1 partitions ¢, # ¢, prior to
Kramers sub-block stabilisation. Whereas a classical local hidden-variable
model embeds binary outcomes on a single joint sample space (Qr v, PrLav)
and confines correlators to the classical cut polytope |Scysyl < 2, a sym-
plectic two-cycle bridge (4.68) lacks a joint level-1 refinement and projects
onto Euclidean unit vectors in im(AP;_,,) under the quadratic ¢, Frobenius
inner product of Section 2.4.1, where the parallelogram law enforces the
Tsirelson ceiling of 24/2 [32] while quadratic capacity conservation on G ex-
cludes ¢, Popescu—Rohrlich boxes reaching 4 [135].

Having grounded the Epistemic Lens in quantum measurement, the remain-
ing chapters of Part II extend the same coarse-graining algebra across fur-
ther levels of resolution. Chapter 5 addresses multi-scale physical model-
ling by coarse-graining from fundamental particle closures that seal unob-
servable interior degrees of freedom, through atomic shell structure and
the geometric origin of Pauli exclusion, to molecular bonding and macro-
molecular dynamics, where the Schur-complement boundary operator (2.34)
emerges identically as the effective precision operator of the exact Gaussian
bath integral over environmental fluctuations. Chapter 6 then turns the Epi-
stemic Lens outward to gravity and the cosmos, projecting the orthogonal
capacity matrix into emergent (3 + 1)-dimensional spacetime and Einstein-
ian curvature sourced by tracked and untracked stress—energy (Section 6.2),
and demonstrating that the Big Bang singularity and universal Heat Death
are mathematical artefacts of extrapolating continuum trajectories past the
backward and forward epistemic horizons 3 and t3 (Section 6.3).
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FROM FUNDAMENTAL PARTICLES TO MOLECULES

Having established the observational bounds of quantum record formation
in Chapter 4, we now examine how an embedded observer operating under
a finite relational capacity ceiling @Q,j10c < @total (Chapter 2) models com-
posite physical matter across scales. Conventional computational physics
and chemistry begin by assuming a continuous spatial background and pro-
jecting many-body Hamiltonians onto dense spatial basis sets. That assump-
tion carries a steep algebraic cost: electronic-structure methods scale from
O(N3)-0(N*) in Hartree-Fock and Density Functional Theory (DFT) [86]
to O(N”) in Coupled Cluster (CCSD(T)) [138], classical Molecular Dynam-
ics (MD) is restricted to femtosecond integration steps by stiff covalent vibra-
tions, and hybrid quantum/classical (QM/MM) partitions [168] splice incom-
patible descriptions across empirical link boundaries. More fundamentally
within the progression of this monograph, continuous (3 + 1)-dimensional
spacetime has not yet been derived: Lorentzian kinematics and curved geo-
metry emerge only in Chapter 6 from the large-scale spectral limit of the
capacity matrix K. A non-circular account of particles, atoms, and molecules
must therefore be formulated directly on the discrete capacity graph Ggk.

Conservation-Congruent Encoding (CCE) provides this discrete multi-scale
description through a single algebraic recursion along the coarsening chain
of Section 2.3.2:

oo 2=z, g@ Pt o), (5.1)

At each scale transition Pj_,;,;, matrix congruence (2.155) and the diag-
onal coarse-graining commutator [diag, €p] = Ip (2.168) (Lemma 2.3) seal
high-frequency internal closures into the coarse diagonal memory sector
Kq while projecting unresolved internal detail into the orthogonal inter-
scale subspace (such as im(AP;_,,) in (2.164)). Simultaneously, whenever a
resolved subsystem S couples across its boundary cut K, to an untracked
electronic or thermal bath S, bath degrees of freedom are eliminated via the
Green’s inversion commutator across 6y (2.171):

Legr := Lss — Zenys (5.2)
Senv =~ Gs(Ge) = LosL!Lgs. (53)

Whether eliminating fast shared electronic modes across a covalent bond
or marginalising thermal bath fluctuations around a conformational switch,
the environmental self-energy operator X, folds the linear compliance and
screening of S directly onto the active boundary ports of S. Table 5.1 sum-
marises the three-tier progression across Sections 5.1-5.3 using the unified
operator triple (K, Dk, Lg).
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Scale Tier Active Encapsulated Boundary Cut Eliminated
Subsystem (S) Core (Kg) (K,) Sector (S via
ECHV)
1. Particle / Minimal Confined K;  Net charge Internal
Nuclear boundary core and valence residual
(Sections 5.1.1-  closures (Kpp = 6m°K,) channels im(Qpa)
5.1.2) (G, K5, K5)
2. Atomic Coupled Nuclear core  Orthogonal Core internal
(Sections 5.1.3— electron— K,, and closed valence modes excitations
5.1.4) nucleus pair  shells in im(AP;_,,)
(Lx. Ko)
3. Molecular & Bonded nuclei Internalised  Peripheral Shared
Bath and covalent cuts  valence and electronic or
(Sections 5.2—  metastable Ip(K,) bath ports thermal bath
5.3) basins S, Ceny)

TABLE 5.1: The three-tier CCE hierarchy mapping the coarsening chain IV —
® (5.1) (Section 2.3.2) and Schur reduction Lyg = Lgg — Zepy (5.2) from
minimal particle closures to multi-basin molecular ensembles.

51 PARTICLES AND ATOMIC STRUCTURE

Multi-scale physical modelling begins at the base of the coarsening chain:
the minimal persistent subgraphs of the discrete relational network. Rather
than postulating fundamental particles as point singularities or continuous
fields on a pre-existing manifold, the CCE framework identifies a particle
as a self-sustaining subgraph closure that resists ambient relaxation long
enough to propagate across the network as a coherent unit. Encapsulating
high-gap nuclear closures into diagonal capacity entries and coupling low-
capacity electron cycles across the remaining boundary cut yields atomic
ground-state reduced-capacity scaling and valence shell multiplicities dir-
ectly from generalised Laplacian eigenvalues and harmonic subspace ortho-
gonality.

5.1.1 Mass, Spin, and Charge on the Capacity Graph

Every persistent particle subgraph S, is characterised on the capacity matrix
K = K +K, by three discrete invariants: its diagonal memory trace Tr(Kg),
its cyclic phase closure across reversible ports, and its net antisymmetric
current across K;. On the diagonal memory sector K, rest energy arises
from collective internal channel recurrence. As established at the substrate-
general level in Section 2.5.2 and developed kinematically in Chapter 6 (Sec-
tion 6.1), a subsystem at rest relative to a physical reference oscillator S..¢
(ALyxt = 0) commits its reversible update capacity to cycling across all Tr(Kg,)
internal channels (2.249) (with core transitions on S, shielded by Log). When
proper time 7 and reference time t are metered in seconds via (2.250) and (2.255)
at universal elementary substrate step cadence v, > 0 (in s~! per channel,
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fixed once empirically by the electron closure moc? = hK,, parallel to the
length calibration £, in (5.20)), scaling v, Tr(K) by the reduced Planck con-
stant /i (J s) under the composite coarse-graining projection & (2.235) fixes
the conservative rest energy above the vacuum baseline E; ¢ and keeps all
rest-energy ratios across particle closures purely combinatorial:

Ep — Eg g = fvy Tr(Kq), (5.4)
Epa—Eo Tr(Kga)
Epp—Epe Tr(Kop)

Equations (5.4)-(5.5) require no prior spatial metric or signal speed, and
vy cancels identically out of every dimensionless mass ratio such as Prin-
ciple 5.1. Once Chapter 6 derives the invariant causal propagation speed c
on the coarse-grained graph, the same diagonal trace defines inertial rest
mass m = (Ep — Egg)/c?. When coupled to an open bath at operational
noise intensity 6 (Jnat™'), maintaining non-equilibrium internal structure
Liev,o shifts the internal energy by AUpeq = Olev,q (3.16).

(5.5)

Across reversible boundary ports, spin arises from discrete cyclic phase syn-
chronisation. Under a complete 27 cyclic permutation of its environmental
boundary couplings, the internal unitary state update U(27) closes after
Tsync € {1, 2} environmental cycles (Section 4.3.3):

+L, rgme =1 (bosonic 1:1 closure),

U2r) = (—1)ome 1] = (5.6)

I rgyne =2 (fermionic 2:1 closure).

Bosonic closures return to their initial phase in a single cycle (rgyne = 1),
whereas fermionic closures require two full environmental cycles to recover
unit phase (rgync = 2).

Across the boundary cut K, electric charge arises from the conserved an-
tisymmetric Kirchhoff cycle currents of Lemma 2.7 (2.292)-(2.296) and dis-
crete cycle winding on the relational graph G = (V, E), without invoking dif-
ferential forms or continuous contour integrals. Let J; = —J;; denote the an-
tisymmetric reversible current along edge {i, j} € E, and let Ag;; € [, 7) de-
note the discrete phase increment across directed edge (i, j) around a closed
graph cycle C C E. Vertex Kirchhoff balance at every i € V and single-valued
phase closure around C enforce:

2 =0, (57)
jev
Z Ag;j = 2nnc, (5.8)
(@i.j)eC
q = Ncqe, (5.9)

where ne € Z is the integer topological winding number of the cycle and g, is
the elementary carrier charge (C). On finite graphs, the smallest connected
boundary closures provide minimal discrete carrier topologies compatible
with compact internal unitary phase and exchange symmetries: a directed
cycle (C,) carries U(1) phase winding, a reversible two-port pair (K,) with

137



138

FROM FUNDAMENTAL PARTICLES TO MOLECULES

Teync = 2 supports SU(2) two-state phase transport, and a complete three-
vertex quotient clique (K3) provides the minimal three-channel exchange
carrier compatible with SU(3) colour-singlet closure.

5.1.2  Nuclear Encapsulation

Internal excitations whose energy gap vastly exceeds ambient interaction

scales decouple dynamically and need not be resolved vertex by vertex. Strong
colour confinement binds quarks within a three-channel closure whose excit-
ation gap (~ 108 eV) exceeds atomic and molecular bonding scales (~ 1eV)

by eight orders of magnitude. By CCE Axiom II (Section 2.3.1), this separ-
ation guarantees that the nuclear subgraph G[S,]| satisfies strong spectral

persistence Z(S,) > 1 (2.127). Under the Tier 1 — Tier 2 coarsening trans-
ition P;_,, (Table 5.1), the cut-internalisation operator Jp (2.160) contracts

S, into a single coarse-grained block o whose diagonal memory capacity

Kye in Kq and external valence capacity K, in K, follow from (2.91):

Kew = Y, Aj = 2|E(S)), (5.10)
1,JES,
i€5, j€Sp

Here K, € 2NN (links) counts the even integer directed internal link incid-
ences sealed inside the nuclear core, while K4 (links) counts the external
boundary links coupling block « to neighbouring blocks S.

In the large-multiplicity continuum-fibre limit (K,, K, > 1), calibrating this
encapsulated nuclear capacity against the elementary electronic scale motiv-
ates a parameter-free asymptotic reference ratio for nuclear encapsulation
[102].

PRINCIPLE 5.1 (Asymptotic Combinatorial Mass Ratio). Let K, € 2IN de-
note the even integer diagonal capacity of a large-multiplicity U(1) electron
closure, and let K, € 2N denote the diagonal capacity of a confined three-
channel quotient clique (K3, K, > 1) supporting an SU(3) colour-singlet
closure. The K3 quotient carries symmetric-group order |&3| = 2|E(K3)| = 6
directed exchange channels. Weighting these six channels in the continuum-
fibre limit by the product of the unit round-sphere volumes vol(5®) = 272
of the SU(2) = S fibre and vol(S®) = 7> of the SU(3)/SU(2) = S° base mod-
ulo fermionic double cover (rgy,. = 2) yields the asymptotic dimensionless
capacity ratio:

K vol(S?) vol(S®

b (VOIS VOS) _ 5 1g3611s. (5.12)
K. Tsync

Against the empirical ratio m,/m, = 1836.15267 ... of proton to electron

mass, Equation (5.12) agrees to within 0.0019%. In Standard Model phenomen-

ology, proton rest mass arises predominantly from non-perturbative chro-
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modynamic confinement (Agcp) whereas electron rest mass is set by elec-
troweak Yukawa coupling, and (5.12) evaluates each topological factor at
unit round-sphere radius rather than the Berger-squashed bi-invariant Haar
volume +/37° on SU(3). Principle 5.1 is therefore advanced strictly as an
asymptotic continuum-fibre capacity conjecture (K, > 1), motivating in-
vestigation of whether effective coarse-grained capacities admit a shared
group-manifold calibration rather than replacing gauge-field dynamics or
asserting an equality on three bare vertices. When A nucleons bind into a
composite nucleus, internalising inter-nucleon boundary cuts via Ip sheds
exposed boundary load (A@ishe 4 > 0, Section 3.4.1), lowering the composite
rest energy below the sum of isolated nucleon capacities as the nuclear bind-
ing mass defect while projecting internal quark modes into the unresolved
residual im(Qp)).-

5.1.3 Atomic Ground States and Reduced Capacity

Discrete atomic bound states arise when a low-capacity electron block (i,
K11 = Ke, 'syne = 2) couples to an encapsulated nuclear block (S, Kz5 = K )
across an open electromagnetic boundary cut (K; # o). On the two-block
partition S = S; U S, with inter-block cut capacity K5 > 0, the isolated

capacity Laplacian Lg = Dﬁm) —Kg (2.101) and diagonal memory matrix Kg
take the 2 x 2 form:

1 -1

Lk = Kiz : (5.13)
-1 1

Kq = diag(K,, Kpp)- (5.14)

Internal atomic excitations are governed by the generalised eigenvalue prob-

lem Lgu = AKgu on the subspace Kg-orthogonal to uniform translation
1, = (1,1

LEMMA 5.2 (Two-Body Reduced-Capacity Spectrum). Let K, Kjp, K12 > 0,

and define Lg and K¢ by (5.13)~(5.14). The uniform vector 1, = (1,1)7 spans
ker(Lg) with A; = 0, and the relative displacement vector uy = (K,,, -K,)"

is Kg-orthogonal to 1, (u-erQIZ = 0) and satisfies Lxu, = A,Kqu, with
generalised eigenvalue and reduced capacity:
Ke+Kpp Ky
KeKpp - Hep
o KKpp
Hep *= I<e+—1<pp.

A(Lk. Kg) = Ky (5.15)

(5.16)

PROOF. Direct multiplication gives L1, = o, while evaluating the inner
product u;‘KQ12 cancels K, ,K, against —K,K},,, to give u-erle = 0. Acting
on u, with both matrices yields:

Lgu, = Kip(K, + Kp,,)(1, -1, (5.17)
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establishing (5.15)—(5.16). O

Lemma 5.2 isolates the exact reduced-capacity inertial factor ye_pl at fixed

inter-block cut K 5. Across the Schur-reduced two-block port resistance Q5 =
1/Kj, of (5.13) and (2.239) [85], the effective electromagnetic cut conduct-

ance decays with continuum radial separation r via the three-dimensional

harmonic Green’s function as K;,(r) = €y/r, distinct from unreduced point-

to-point lattice resistance saturation. Balancing reduced-capacity kinetic con-
finement against Coulombic cut attraction via virial minimisation contracts

the equilibrium orbital resistance in proportion to ,ue_pl and scales the ground-
state binding depth directly with p,/K,. Calibrating the infinite-nuclear-
capacity limit K,,, = o (g,,/K, — 1) to the empirical Rydberg constant

ERyq = 13.6057 ¢V and metric conversion factor ¢y (mlink) yields the neut-
ral hydrogen ground-state energy and Bohr radius ay:

Hep Kpp
Ey('H) = ——Epyqg = —————Epyq = —13.5983 eV, (5.19)
K. % K +Kp,
ag = (5 = Lyler — e5) L (g — e5) = 05292 A. (5.20)

In helium (Z = 2), coupling a second electron (rgy,. = 2) to the encapsulated
alpha-particle core (Kig = 4K),) permits both electrons to occupy this
lowest relative mode only when their boundary phase currents circulate in
opposite orientations, closing the ground shell.

5.1.4  Pauli Exclusion and Orthogonal Harmonic Shells

Whereas standard non-relativistic quantum mechanics introduces wavefunc-
tion antisymmetry as an independent postulate [129], the CCE framework
grounds Pauli exclusion jointly in fermionic 2:1 phase closure (5.6) and bin-
ary edge capacity on G = (V, E). Exchanging two identical rypn. = 2 clos-
ures winds their relative boundary phase through one full environmental
cycle (U(2r) = —I), so symmetric co-occupancy of the same oriented phase
channel interferes destructively—in sharp contrast to bosonic rgy,. = 1 clos-
ures (U(27) = +I), which constructively condense into a shared ground
mode. Because each undirected link A;; € {0, 1} (Section 2.1) supports at most
two opposing directed phase currents (J;; and J;), a spatial valence mode
admits at most two opposite-orientation rgy,. = 2 electron cycles. Minim-
ising the Dirichlet Rayleigh quotient on the inter-scale electronic subspace
im(AP;_,,) (2.164) therefore forces subsequent electron pairs onto mutually
orthonormal harmonic eigenvectors v,, vj, € im(AP;_,,):

(Vo Vb) = Vg vy = 5p. (5.21)

On an isotropic valence shell graph whose spatial spectral dimension equals

an integer n = :patial [IT] > 2 (2.233), the space of degree-¢ harmonic modes

(¢ € INy) has dimension ("+£_1) - (";33) where (Z‘) := 0 for k < 0. Mul-
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tiplying by the two opposing phase orientations (rgy,. = 2) fixes the shell
occupancy ceiling for general n:

n+{—1 n+t—-3
)5 -

When coarse-grained orbital persistence selects n = 3 spatial channels—as
proved independently in Chapter 6 (Theorem 6.1)—Equation (5.22) reduces
to g¢(3) = 2(2t+1), recovering the s, p, d shell capacities gy(3) = 2, g;(3) = 6,
and g,(3) = 10 without assuming three-dimensional space beforehand. Fur-
thermore, when an open-shell atom or coordination centre couples to aniso-
tropic external ports in K, projecting the Schur-reduced operator Leg (5.2)
onto the (2€ + 1)-dimensional valence shell lifts its degeneracy algebraically
[18] without empirical self-interaction penalties.

&) =2

EXAMPLE 5.1 (Reduced-Capacity Isotope Shift and Orthogonal Shell Filling).
Consider first the two-block hydrogenic system (Lg, Kg) of (5.13)-(5.14) cal-
ibrated by Principle 5.1 (K,,/K, = 67°). Applying Lemma 5.2 to a single-
proton core (K,,) versus an encapsulated deuteron core of diagonal capa-
city approximately 2K, yields the proton and deuteron reduced-capacity
factors:

Hep 61°

= ~ 0.999456, (5.23)
K, 670 + 1
5
Ped . 1277 _ (999728, (5.24)
K, 1275 +1

Relative to the 'H ground-state energy Eo(*H) = —13.5983 eV of (5.19), doub-
ling the nuclear diagonal capacity from 1836:1 to 3672: 1 in K, deepens the
deuteron ground state by 3.7 meV to E,(?H) = —13.6020 eV.

Next, when Z = 3 electrons couple to a lithium core of diagonal capa-
city approximately 7K, at spatial spectral dimension n = 3, the first two
electrons saturate the nodeless £ = 0 mode v, with opposite phase cur-
rents (go(3) = 2). By (5.21)—(5.22), binary link saturation forces the third
valence electron onto one of the three mutually orthogonal dipolar modes
{d;,d,, d3} C im(AP;_,5) (£ = 1, g1(3) = 6), exposing a single weakly bound
outer channel ready for chemical cut internalisation. O

5.2 CHEMICAL BONDING AND MOLECULAR GEOMETRY

Ascending from Tier 2 atomic blocks to Tier 3 molecular graphs via P,_,3 (5.1)
(Table 5.1) introduces no additional dynamical postulates. Chemical bonds
form when neighbouring atomic blocks share valence electronic channels
across their mutual boundary cut, executing cut internalisation via Ip as es-
tablished in Chapters 2 and 3. Eliminating the fast shared electronic degrees
of freedom to obtain the effective inter-nuclear potential then provides the
first molecular application of the Schur complement (5.2), while Pauli ortho-
gonality among valence modes in im(AP;_,,) fixes equilibrium bond angles
without presupposing continuous spatial coordinates.
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5.2.1 Covalent Cut Internalisation and Schur Reduction

Consider two atomic blocks S = {1, 2} interacting across a fast shared elec-
tronic sector S. In isolation, each atom exposes an independent external cut
with total boundary load ||KlaS°||% (3.53). Opening an antiparallel singlet elec-
tronic channel (rgyn. = 2) between blocks 1 and 2 internalises the shared
interface cut into the composite diagonal memory block via Ip (2.160). As
proved for general multi-system coupling in Section 3.4.1, shedding exposed
boundary cut load (A@S’shed > 0) reduces allocated capacity @Q,jjoc (2.196),
frees structural capacity AQgee > 0 (3.63), and deepens the collective escape
barrier A® (3.64).

Energetically, let x € RN denote dimensionless slow nuclear displacements
and xg € RMNs denote dimensionless fast electronic displacements coupled
through the energy-calibrated stiffness Laplacian L (J) (2.20):

. T LT
E(xg,x5) = EXSL_ngS +xgLggxg + 5X§L§§X§, (5.25)

where LES = Lgs, Lgg = L;S., and the open electronic block Lgg > o is
strictly positive-definite by grounded Dirichlet leakage (2.24). Relaxing the
fast electronic sector at fixed nuclear configuration xg yields the variational
Schur reduction (Figure 5.1(a)).

THEOREM 5.3 (Variational Schur Reduction). Consider the quadratic energy
E(xs,x3) in (5.25) with symmetric blocks, Lgg = L;S’ and positive-definite
complement Lss > o. For every xg € RNs and X5 € RNs, define the relaxed

bath responsexg r= —LSTSILS-SXS and positive-semidefinite self-energyep, =

LSS-LSTS}LS-S (Zenv = 0). Completing the square gives:

1
E(xs,%xg) = Exg(Lss —Zenv)Xs
: (5.26)
+ E(XS‘\ — XE)TLS‘S(XS_ — X;f)

Consequently, E(xg, X5) attains its unique global minimum over x5 atxg = XE,

and the relaxed effective energy Eeg(Xs) := miny, E(Xs, Xg) satisfies:

1 1
Eefi(xs) = EXELeffXS < EngssXs, (5.27)

where Legr = Lgg — Xy, with strict inequality whenever LsgXg # 0.

PROOF. Using Lgs. = Lgs and Lggx = —Lggxg, expanding the shifted bath
quadratic form in (5.26) gives:

1 *

—(XS‘ — Xg)TLSS(XS — Xg)
2 (5.28)
B S I . '

Adding (1/ 2)x§(L55 — Xenv)Xs to (5.28) cancels the X, term and recov-
ers (5.25). Because Lss > o, the quadratic residual in (5.28) is non-negative
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and vanishes uniquely at x5 = xg, while the identity xgzenvxs = (xg )TLS§X§
is non-negative and strictly positive whenever Ls¢xs # o0, establishing (5.27).

O]

Theorem 5.3 gives the variational counterpart of the inversion commutator
ey = [O7L GsI(G,) (Lemma 2.3, (2.171)) for Born-Oppenheimer elec-
tronic relaxation [20]. Eliminating the shared singlet sector S subtracts Ze,, >
o from Lgg and strictly lowers the nuclear deformation energy relative to un-
relaxed open atoms.

5.2.2  Resistance-Scale Overlap and the Diatomic Potential

To resolve covalent binding energy across inter-nuclear separation without
presupposing Euclidean coordinates, we parameterise boundary overlap by
the metric bond length r = £,Q, calibrated from the inter-block resistance
distance Qq, (2.239) around equilibrium separation r, > 0. Because each
atomic ground mode decays exponentially across resistance distance at the
Bohr scale (5.20), the normalised inter-atomic overlap u(r) decays exponen-

. . . -1
tially with attenuation constant a., > 0 (A ):

u(r) := exp[—acov(r - re)], (5.29)
AEpond(w) = —2D,u + Du? = D,(1 — u)? — D,. (5.30)

Equation (5.30) recovers the functional form of the Morse potential [116]
with dissociation depth D, > 0 (eV) from two competing contributions in
the Schur-reduced energy (5.27): first-order singlet delocalisation in —X.,
lowers boundary energy linearly (—2D,u), whereas second-order electronic
channel crowding and short-range nuclear core repulsion in Lgg penalise
overlap quadratically (+D,u?), with unique global minimum —D, at u = 1

(r=r,).

EXAMPLE 5.2 (Schur Calibration of the H, Bond Potential). Consider the
H, dimer comprising two encapsulated proton blocks S = {1,2} (Kp, =
67°K,) coupled through a shared antiparallel singlet electronic sector S (Fig-
ure 5.1(a)). With Bohr resistance scale a, ~ 0.5292 A set by (5.20), calibrat-
ing the reduced singlet overlap parameters to spectroscopic H, benchmarks
fixes equilibrium separation r, = 0.7414 A (= 2 ay), attenuation constant

-1 L
acoy = 1.942 A 7, and dissociation depth D, = 4.75¢€V.

Differentiating (5.30) with respect tor = £,Q15 separates the attractive Schur
delocalisation from short-range channel crowding:

AEpond(r) = —2Dou(r) + Deu(r)Z: (5.31)
% = 2Deacovu(r)(1 - u(r)), (5.32)

which vanishes uniquely at u(r,) = 1. Expanding to second order around
r = r, for two protons of mass m,, (reduced nuclear mass m,/2 ~ 8.363 x
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(b) Competing Schur Terms in the H; Bond Potential

(a) Covalent Cut Internalisation and Schur Reduction

Coupled Partition SUS Effective Las=Lss - S 4

:M
®
Bond Energy AFn(9) (€V)

N " sty

FIGURE 5.1: Nuclear encapsulation, covalent Schur reduction, and competing over-
lap terms in the H, bond potential (Theorem 5.3 and Example 5.2).
(a) Two nuclear blocks S = {1, 2} (each encapsulating a K; core of capa-
city K, = = 61°K,, teal) couple across Lgs to a shared antiparallel singlet
electromc sector S (r, sym = 2, crimson). Eliminating S via the Schur self-
energy Xo,, = LgsL; Lgs (5.27) produces the effective two-node nuc-
lear operator Loy = Lss — Xeny- (b) Decomposition of AE,4(r) (5.30)
into linear singlet delocalisation —2D,u(r) (teal dashed) and quadratic
channel crowding +D,u(r)? (crimson dashed), balancing at u(r,) = 1
(r, = 0.741 A, AE,,,q = —4.75¢V, navy solid) alongside the local har-
monic expansion (1/2)kyonq(r — 7.)* — D, (slate dotted).

1028 kg) determines the harmonic bond stiffness and fundamental vibra-
tional quantum:

dzAEbond

kbond = = 2D,a%,, = 574Nm™, (5.33)

ok
hooyp, = / bond by, { ~ 0.545 eV. (5.34)

As shown in Figure 5.1(b), linear singlet cut internalisation dominates at long
range (r > r,, u < 1) to draw the nuclei together, quadratic channel satur-
ation dominates at short range (r < r,, u > 1) to form the repulsive wall,
and unlike the local harmonic parabola (1/2)kyong(r — 7.)? — D,, the Schur
overlap curve saturates smoothly to AE,,,q — 0 upon bond dissociation

(u—0). O

5.2.3 Angular Geometry and Valence Port Orthogonality

A scalar capacity Laplacian Lg on bonded nuclear blocks depends only on
pairwise edge weights K, 4 and is therefore blind to inter-bond angles. Yet
directional stereochemistry requires no external R® coordinate frame or aux-
iliary connection bundle, because it follows directly from Pauli orthogonal-
ity (5.21) inside the central atom’s valence subspace im(AP;_,,) (Section 4.3.3).

Consider a central atomic block 1 bonded to peripheral blocks 2 and 3. Inside
im(AP;_,,), let e, denote the unit isotropic (¢ = 0) valence mode and let
d,, d; denote unit dipolar (£ = 1) valence vectors directed along the two bond
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channels, orthogonal to e, ((ey,d;) = 0), with intrinsic inter-bond angle ¢ €
[0, 7] defined by the Hilbert-space inner product cos¢ := (d,, d3). Mixing
isotropic fraction w, € [0,1/2] with dipolar fraction 1 — w, forms hybrid
valence ports whose mutual orthogonality fixes the equilibrium bond angle
$o [37 130].

LEMMA 5.4 (Hybrid Valence Port Orthogonality). Leteg,d,, ds € im(AP;_,,)
be unit vectors (leg| = 1 and |d;| = 1 for j € {2,3}) satisfying (ey,d;) = 0 for
each j € {2,3}. For any isotropic mixing weight w, € [0,1/2] and peripheral
channel j € {2, 3}, the hybrid valence port vectors

u;.‘ 1= Jwpep+ 1 —wpd; (5.35)
have unit norm ||uJ* | = 1, and their inner product evaluates to
(u;, u,;> =W + (1 — W0)<d2, d3> (536)

In particular, mutual port orthogonality (u},u;) = 0 holds if and only if the
equilibrium dipolar alignment cos ¢ := (dy, d3) lies in [—1, 0] and satisfies

W
cosPg = — 0 (5.37)
1-—- Wo
PROOF. Because (ey,d;) = 0 with |eg| = 1 and |d;| = 1, expanding the
self-inner product of (5.35) gives:
utut) = wlegl? + (1 - wp)ld,? = 1, (5.38)

*

establishing ||u; | = 1, while expanding (uj,u}) yields (5.36). Because w, €
[0,1/2] ensures 1 —wy > 1/2 and hence 1 — w, > 0, setting (5.36) to zero is
equivalent to (5.37), with —w /(1 — wp) € [-1,0]. O

Lemma 5.4 recovers the canonical molecular geometries from subspace or-
thogonality alone, where pure dipolar ports (wy = 0) meet at ¢, = 90°, four
symmetric tetrahedral ports (wy = 1/4) satisfy cos gy = —1/3 (¢ = 109.47°),
three trigonal ports (wy = 1/3) satisfy cos ¢y = —1/2 (¢y = 120°), and two col-
linear ports (wy = 1/2) satisfy cos ¢y = —1 (¢ = 180°). When non-bonding
lone pairs retain a higher isotropic share on the central core, w, decreases on
the bonding ports, contracting ¢, until balanced by steric channel crowding
across the peripheral resistance distance Q2,3 (2.239). Under any angular dis-
tortion ¢ € [0, 7] of the dipolar bond channels cos ¢ = (dy(¢), d3(¢)) at fixed
hybrid mixing wy € [0,1/2) and angular stiffness scale g, > 0 (eV), pen-
alising non-orthogonal Pauli port overlap via (5.36)—(5.37) yields a smooth,
frame-independent bending potential:

(uz(4), uz(9)) = (1= wp)(cos § — cos ¢y), (5.39)
AEang(¢) = Sang

1-— wWo
(5.40)

(uy(¢), u3())* = (1 — wo)gang(cos ¢ — cos ¢p)”.
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EXAMPLE 5.3 (Valence Port Orthogonality and Bending Barrier in H,O).
Consider a bent triatomic molecule such as H,O, comprising a central oxy-
gen block (1) bonded to two hydrogen blocks (2 and 3) with equal inter-
block capacity Koy > 0 (links) and angular port stiffness gung > 0 (eV, Fig-
ure 5.2(a)). On the three-block nuclear graph alone, the scalar capacity Lapla-
cian Lk depends only on pairwise link capacities and assigns zero bending
penalty across all angles ¢:

2 -1 -1
LK = KOH -1 1 0|1 (5.41)
-1 0

On the central oxygen valence subspace im(AP;_,,), two non-bonding lone
pairs concentrate isotropic £ = 0 weight, leaving lone-pair-calibrated iso-
tropic share wy = 0.200 (1 — w, = 0.800) in each O-H bonding port. Substi-
tuting wy = 0.200 into Lemma 5.4 (5.37) fixes the orthogonal port angle,
while (5.40) gives the bending energy under angular displacement Ay =

¢ = do:

Wo .
cosgp = — =—0.250 = ¢ ~ 104.5°, (5.42)
1—wy

AEpng($) = 0.800 Zapng(cos ¢ + 0.250)* = 0.750 Zang(Ap)>. (5.43)

Whereas the scalar nuclear Laplacian (5.41) is invariant under bond rota-
tion (Figure 5.2(b), muted dashed baseline), hybrid port orthogonality pins
the zero-overlap minimum at ¢, = 104.5°, responds harmonically to small
thermal bending vibrations, and reaches a smooth stationary inversion saddle
AEang(r) = 0.450 gang at ¢ = 180° (dAE,,g/dgl, = 0, matching water’s em-
pirical 1.38 eV linearisation barrier at gy, ~ 3.07 eV, distinct from radial
O-H bond dissociation). %

53 OPEN-BATH REDUCTION AND MULTI-BASIN ENSEMBLES

In an isolated covalent dimer, the eliminated sector S consists of fast elec-
tronic modes relaxed at zero temperature (Theorem 5.3). When a molecu-
lar subsystem S is embedded inside a larger macromolecular scaffold and
thermal solvent bath S, two additional questions arise: how do thermal fluc-
tuations across S modify the effective free-energy landscape of S, and how
does S switch between distinct metastable conformations when a single har-
monic expansion breaks down? Resolving both questions requires no new
operators beyond the Schur complement Logg = Lgg — Zepy (5.2) and the
coarse-grained capacity barriers and escape rates of Chapter 2.

5.3.1 Gaussian Bath Marginalisation

Partition a composite molecular network V = S 11 § (2.13) into a resolved
functional subgraph S (Ns blocks) and an untracked scaffold and solvent



5.3 OPEN-BATH REDUCTION AND MULTI-BASIN ENSEMBLES 147

(b) Angular Bending Energy vs. Scalar Laplacian
() Hybrid Valence Port Orthogonality in H,0

Orthogonal Ports (4= 1045°): (uf,u7)=0 084

h-1045

Angular Distortion (9= ¢y + A¢): Port Overlap

‘malised Energy AEung(¢)/gung

Nori

T T T T T T T
60 80 100 120 140 160 180
Bond Angle § (deg)

FIGURE 5.2: Hybrid valence port orthogonality and angular bending landscape in
a bent triatomic molecule (Lemma 5.4 and Example 5.3). (a) Inside
im(AP,_,,), orthogonal hybrid ports (u},u;) = 0 with isotropic share
w, = 0.200 fix the equilibrium H-O-H bond angle ¢, = 104.5° (5.42)
at zero Pauli overlap (AEEmg = 0, teal, top), whereas angular distor-
tion ¢ = ¢, + A¢ induces port overlap (u,(¢), u;(¢)) # 0 and restor-
ing energy AE,,,(#) > 0 (crimson, bottom). (b)) Normalised bending
potential AE,;,,($)/gang = 0.800(cos ¢ + 0.250)* across bond angle ¢
(navy solid), showing the orthogonal-port minimum at ¢, = 104.5°,
the local harmonic tangent 0.750(A¢$)? (light-navy dotted), the smooth
linear-inversion saddle 0.450 g,,, at ¢ = 180" (crimson marker), and
the angle-blind scalar nuclear baseline AE,,,.(¢) = 0 (muted dashed).

bath S (Ns blocks), coupled across S by the quadratic fluctuation energy
E(xs,x5) (5.25) over dimensionless displacements (xg, x3) € RNsTNs | At op-
erational noise intensity 6 > 0 (Jnat™, equal to kgTy, in an isothermal bath
at temperature Ty, ), marginalising over all bath configurations x5 defines the
effective partition weight of S [7, 157]:

E(xq, X&
Zett(xs) = JRNS eXP(—W)

Because Lgs > o on the open bath complement (2.24), substituting the square-
completion identity (5.26) from Theorem 5.3 and shifting the Gaussian integ-
ration around X; evaluates (5.44) in closed form (Figure 5.3(a)):

dxg. (5.44)

1
Zegt(xs) = Zs exp(—%ngeffx5> : (5.45)
f(zne)Ns
sy 1= | ——, 5.46
5.0 det ng ( )
1
Fett(xg) 1= —01In Zegr(xs) = EngeffXS + Fg o, (5.47)
where Logr = Lgg — 2oy with 2o, = LSS'LSTELS_S: and F5 := —01InZg, (J) is

the x¢-independent bath free energy.

Equation (5.47) unifies ground-state electronic relaxation and thermal bath
marginalisation under a single operator: integrating out harmonic fluctu-
ations across S folds the mechanical compliance and screening of the bath
onto the boundary ports of S through —2.,,, = [() ™}, G5](G,), bypassing ex-
plicit trajectory integration over S. By Lemma 2.3, the continuum quadratic
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counterpart [G,, Prl(g) = KGTl(llvmtracked)

stress—energy across coarse-grained partitions in Chapter 6 (Section 6.2),
while the same discrete Schur commutator governs passive dendritic integ-
ration in Chapter 9 (Section 9.2.2).

generates untracked gravitational

5.3.2  Multi-Basin Ensembles and Conformational Selection

The Schur free energy (5.47) is exact within a single metastable basin S,
(E(Sy) > 1,(2.127)), where fluctuations remain quadratic around a local equi-
librium x(a). Functional molecular switching, however, traverses multiple
metastable basins {S;, ..., Sy} (M > 2) separated by Eyring—Kramers escape
barriers A®y 5 = OAlLarrierap (2.326)—(2.327) [73, 89]. Extrapolating a single

basin’s Schur operator Lig across an inter-basin barrier into S, assigns a
quadratically growing elastic penalty far beyond the true saddle height (Fig-

ure 5.3(b)).

To resolve multi-basin switching without reverting to femtosecond traject-
ory steps, we project onto a discrete Markov State Model (MSM) [137] over
the M admissible basins {S;, ..., Sy} coupled by the inter-basin transition
rates (2.138) and (2.326). Each basin « € {1, ..., M} carries normalised station-
ary weight p, > 0 (p; +---+ ppr = 1), local Schur operator Li‘;f) = Lg‘;) —Eg‘ﬁz,,
and coupling free-energy shift AF,, (J) upon engaging an external stimulus or
guest molecule. Summing over all M basins gives the multi-basin partition

weight and ensemble coupling free energy:

M
1 T
Zons(Xg) = Z Da exp(—%(xs - xga)) Li?f) (XS - xga))) , (5.48)
a=1
M
AF,
AF.ps = —0In| ) p, exp(——“) . (5.49)
a=1 0

THEOREM 5.5 (Multi-Basin Free-Energy Bound and Population Shift). Let
M>2,0>0,andpy,..., ppr > 0 satisfy py + - + pp = 1. For any basin free-
energy shifts AFy, ..., AFy; € R, the ensemble free energy AF.¢ (5.49) satisfies
for everya € {1,..., M}:

ér[;jiSnM AFp < AFeps < AF, —01n p,. (5.50)

Furthermore, the coupled posterior basin probability
P e~AF,/0

Pa = 0 are (5.51)
Zﬂ:l pge AFg/0

exceeds the ground-basin probability p} (p;, > py) if and only if

AF, — AE, > eln(ﬂ). (5.52)

Pa
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(b) Single-Basin Parabola vs. Two-Basin Selection

Reduced Subgraph §

nsionless Free Energy Fg)/0

Dimes

FIGURE 5.3: Open-bath Gaussian Schur reduction and multi-basin conformational
selection (Theorem 5.5 and Example 5.4). (a) Partitioning a molecu-
lar network V = S u S into an active subgraph S (navy) and sur-
rounding thermal bath S (slate) eliminates S via the Schur self-energy
Tow = LsgLSTS.ngs (5.47), folding bath compliance directly onto the
boundary ports of S (teal). (b) Free-energy profile F(q)/60 along dimen-
sionless conformational coordinate q: extrapolating the single-basin
Schur parabola from S, (¢; = —1.0) to S, (g, = +1.5) imposes an un-
physical +62.5 0 quadratic penalty (crimson dashed), whereas the two-
basin ensemble resolves the uncoupled landscape (p; = 0.99, p, = 0.01,
navy solid) and shifts posterior occupancy into S, upon selective coup-
ling (p; > 0.9999, AF,,, = —15.390, teal solid).

PROOF. Setting AFy,;, := mingAFp, positivity of each Boltzmann term
across M > 2 basins and normalisation p; +---+ py; = 1 bracket the partition
sum on both sides:

M
pae—AFa/G < Z » ﬁe_AFﬂ/e’ (5.53)
p=1
M M
pﬁe—AFﬂ/g S e_AFmin/e Z pﬁ — e_AFmin/e' (554)
p=1 p=1

Applying the strictly decreasing map z — —6flnz (8 > 0) to (5.53)-(5.54)
establishes (5.50). Finally, since the denominator in (5.51) is positive, p; >
pt holds if and only if pye /% > pe™2F1/0 which rearranges via 01In(-)
to (5.52). O

Theorem 5.5 formalises conformational selection [112]. Even when an ex-
cited basin S, is sparsely populated before coupling (p, < p;), selective
stabilisation above the reversible opening cost 6 In(p;/p,) (5.52) shifts en-
semble occupancy into S, while capping the net free energy strictly below
AF, — 01n p, (5.50), avoiding the single-basin quadratic extrapolation error.
Within the metriplectic decomposition of Section 2.5.2, intra-basin fluctu-
ations governed by Lgf) generate conservative Poisson flow {A, H}, whereas
thermally activated Kramers transitions between basins execute dissipative
metric relaxation (A, S).

EXAMPLE 5.4 (Two-Basin Conformational Selection versus Single-Basin Ex-
trapolation). Consider a two-basin molecular gating switch (M = 2) along
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a dimensionless reaction coordinate q at operational noise scale 0 = kgTy, =
25.7meV (T, = 298K, Figure 5.3(b)). In the uncoupled state, the occluded

ground basin S; (q; = —1.0) carries stationary weight p; = 0.99 and local
Schur curvature [g}g = 20.00, while the open basin S, (g3 = +1.5) carries

weight p, = 0.01 and local Schur curvature ’Zgg = 16.00 (rendered in Fig-

ure 5.3(b) with barrier-softening scale sp,, = 2.60). An incoming guest mo-
lecule couples weakly to S; (AF; = —2.50) and strongly to S, (AF, = —20.0 0).

Extrapolating the single-basin quadratic energy around S; to g, produces a
severe elastic penalty that masks binding altogether:

1
AFarm(q2) = Efg}z(qz —q1)% = +62.50 = +1.61eV, (5.55)

AFypap = AFnarm(q2) + AF, = +42.50 = +1.09eV. (5.56)

Applying Theorem 5.5 across {S;, S, } yields instead:

Hln<%) = 01n99 ~ +4.600 < AF, — AF, = 17.56, (5.57)
2
AFong = —01n(p1e 21170 4 pye™8F2/0) = 15390, (5.58)
AR, /0
Py = P2¢ > 0.9999. (5.59)

- preDF/0 4 poe=DF/0

Replacing the single-basin parabola with the two-basin ensemble substitutes
the finite opening cost +4.606 for the spurious +62.56 elastic extrapola-
tion, inverting occupancy from 1% open (p, = 0.01) to over 99.99% open
(p; > 0.9999) and recovering favourable net stabilisation AF.,; ~ —15.390
(= —0.396 eV). O

Across all three tiers of this chapter—from confined particle closures and
reduced-capacity atomic shells to covalent cut internalisation, valence port
orthogonality, and multi-basin molecular switching—composite matter has
been modelled directly on the discrete capacity graph Gk without presuppos-
ing a continuous spatial manifold. This raises the foundational question ad-
dressed next: if spatial coordinates are not postulated in advance, how does
continuous (3 + 1)-dimensional spacetime emerge? Chapter 6 answers this
question by deriving relativistic kinematics, three-dimensional spatial per-
sistence, gravitational curvature, and cosmological horizons from the large-
scale spectral geometry of K.
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Having applied the Epistemic Lens to quantum measurement in Chapter 4
and to grid-free particle and molecular structure in Chapter 5, this chapter
turns outward to address the question posed at the close of Chapter s5: if
neither spatial coordinates nor external clocks exist on the relational graph
G = (V, E), how do continuous spacetime and gravity emerge? In the frame-
work of Conservation-Congruent Encoding (CCE), every geometric observ-
able is fixed directly by the operators constructed in Chapter 2. Under an
admissible partition II, the coarse-grained capacity matrix K = Kq + Kj
splits into Frobenius-orthogonal diagonal memory and off-diagonal bound-
ary sectors (2.186), while its Laplacian Lg defines spectral dimension d,[II]
(2.233), resistance distance Q4 (2.239), local spectral cut conductance > (a)
(2.311), diagonal memory trace Tr(Kq) (2.249), and algebraic capacity-Ricci
curvature Ricg (2.268).

Flat kinematics and gravitational curvature both follow from the orthogonal
split between Pr and Qpp (2.64) across those operators. On a uniform ca-
pacity network whose incoming boundary updates remain within the cal-
ibrated reversible rate Qg of the observer, transitions across Ko and Kj
trade off losslessly in quadrature, recovering the Minkowski interval and
Lorentz boosts without presupposing a background manifold. Gravity arises
whenever block aggregation breaks that uniform baseline across either sec-
tor. Within the resolved sector of Prj, compressing dense internal subgraphs
via Ip (2.159) concentrates links into heavy diagonal capacities K, that turn

diagonal Ricci curvature strictly positive (2.274) even in vacuum and source

tracked stress—energy Tlgf,raCked). Across the unresolved complement of Qy,

sub-grid internal capacities and boundary dissipation I, enter the non-

linear projection commutator of the Einstein operator as untracked stress—
(untracked)

energy Tpy , closing covariant conservation at finite resolution.
Synthesising Fagan [52, 53], this chapter develops three consequences of that
operator bridge. Section 6.1 reconciles discrete CCE updates with continu-
ous differentials across Chapter 2’s persistence and Weyl windows, proves
that collision-free routing and orbital stability uniquely select (3 + 1) di-
mensions, and calibrates the Minkowski interval and reversible tracking
threshold. Section 6.2 bridges Ricy, > (e), and Schur boundary closure to
the coarse-grained Einstein field equation under an explicit Continuum Met-
ric Closure Assumption, unifying tracked baryonic gravity, untracked sub-
grid stress, geodesic attraction, and black hole horizon saturation. Finally,
Section 6.3 applies Chapter 4’s finite-observer bounds to cosmic history, re-
placing the Big Bang singularity and asymptotic Heat Death with a bounded
Epistemic Bubble.
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6.1 SPACE AND TIME

Standard relativity postulates a smooth four-dimensional Lorentzian mani-
fold and places clocks and rods upon it. Here the construction runs in re-
verse from the discrete operators of Chapter 2. An embedded subsystem
S C V (N < o) partitioned under IT possesses only its internal capacity
split Kg = Kq + Kgnt), its external cut ngXt), and finite combinatorial link
counts. From these ingredients alone, we connect discrete transition counts
to smooth spacetime differentials across finite spectral windows, select (3+1)
continuum dimensions, and calibrate SI clocks and rulers to recover the
Minkowski metric and the reversible tracking threshold.

6.1.1  Discrete-to-Continuum Allocation and (3 + 1) Spatial Viability

Connecting discrete CCE algebra to relativistic kinematics requires distin-
guishing static capacity weights on Gk from reversible transition updates
routed across them. In Chapter 2, each coarse-grained block « € {1,..., M}
carries internal link capacity K,, > 2 (links) and static logarithmic depth
Iua = In Ky (nats, (1.33)). Across a multi-epoch foliation Sy, ..., Sy along
Diime (2.242), those logarithmic depths set the intrinsic slice proper-time in-
crements Ar,,;(7) (2.243), whereas on a single-epoch partition the diagonal
memory trace Tr(Kq) (2.249) counts the parallel internal channels carry-
ing elementary memory updates, with interior core transitions shielded by
Log. Even when an observer sits at rest relative to a stationary reference
sub-block S,.f C S (2.247), its static norms Qq, @y, and @pe. remain strictly
positive (Section 2.4.2). What changes with motion is how the subsystem’s
reversible transition flux J,s—supported strictly where K,5 > 0 (2.310)—
apportions its reversible distinction budget AL, (nats) across a reference
slice of S,ef.

During one reversible update step, diagonal transitions through K, advance
internal proper-time distinctions AL,; = Ar,,, while off-diagonal trans-
itions across K, resolve spatial distinctions AlLy; (both in nats) across the
resistance metric Qgp (2.239). Because Kq and K, occupy disjoint matrix
entries, any transition flux matrix decomposes into Frobenius-orthogonal di-
agonal and off-diagonal parts ((Kq, Ky)r = 0, (2.186)), and reversible unitary
or orthogonal transport preserves the Euclidean £, norm—the same quad-
ratic geometry enforcing Tsirelson’s bound in Theorem 4.8. On any finite
CCE graph, prior to assuming a manifold or spatial dimension, discrete re-
versible distinction increments therefore add in quadrature:

A2 = AL

total int

+ A%, (6.1)

Against a fixed reference step Aly,, every nat of reversible capacity commit-
ted to external boundary transport Al reduces in quadrature the internal
proper-time increment AfL;.
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How do discrete increments (Akq, Az, g, Ay, Aley;) become smooth differ-
entials (dr, dz, d;, dl.y;) when Theorem 4.1 restricts every embedded ob-
server to finitely many blocks M < |Ns/2|? Rather than invoking an exact
continuum (M — oo, ruled out operationally by Corollary 4.4), smooth dif-
ferential calculus emerges as the controlled coarse-grained approximation
inside Chapter 2’s two scale-separation windows (M > 1 and K, > 1).
Temporally, across Axiom II’s persistence window (v, Tr(Kq)) ™! <« dr < T
(dr < dt, (2.250)), dkg = vy Tr(Kq) dr spans many internal channel updates
before coarse-grained state drift. Spatially, across the intermediate Weyl dif-
fusion window /JX/II & s < py' (2.232)-(2.234), coordinate jumps across
adjacent blocks satisty [Az,p| ~ M=Y" (M~Y" « 1) along n = sspatlal
orthogonal spatial eigenmodes of Lg while AK = o on the kinematic up-
date scale. Across this joint window, (6.1) passes directly to the differential
distinction balance across one temporal channel and n mutually orthogonal
spatial channels (all in nats):

A = IS + dg, (6.2)
n

dIézxt = Z dIezxt,i' (6~3)
i=1

Both legs in (6.2) belong strictly to reversible symplectic transport in Sub-
section 2.5.2, whereas projection loss enters separately as boundary dissip-
ation Ly, 5 in Section 6.2. When realised in relativistic quantum matter and
metered in seconds against a physical reference oscillator S, of reversible
rate Qer > 0 (natss™') via (2.255), rest energy above ground state (5.4) (at
universal elementary substrate step cadence v, > 0ins™ "' and reduced Planck
constant # in J s) and the Margolus-Levitin bound [106] on rest-frame ortho-
gonal transition time Az, (in s) cap the subsystem’s own active rest-frame
reversible distinction rate Qg (in natss™):

Eq) - EO,CD = hVO TI'(KQ), (64)
7h
At > ———— (6.5)
+ = 2(Ep - Eg0)
2(Ep —Eyp) 2
0<Qp< nq,% = e vo Tr(Ko), (6.6)
JT Jr

where g > In2 is the dimensionless coding factor (nats per orthogonal
transition). Because logarithmic concavity keeps static slice depth Az, (2.243)
strictly below the linear trace factor in (6.6) on every admissible partition
(Kyq = 2), any subsystem advancing coarse-grained steps at frequency vy, <
Vo (Qp = Atpat Vint) satisfies (6.6) automatically.!

Although abstract networks can exhibit any spectral dimension n = fpatlal
(Section 2.5.1), persistent physical observers realised in relativistic matter
must sustain both collision-free boundary routing (Axiom I) and stable bound
registers (Axiom II) across (6.3). On the unbounded Weyl-window heat-kernel

spatial

scaling Py, (s) < s™% /2 (s > sp > 0)of (2.232), alower bound n > 3 follows

Equation (6.6) bounds transition rate rather than spatial storage, whereas Bekenstein’s bound
already presupposes spatial radius and ¢ [12].
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from Polya’s large-time recurrence criterion paired with transverse intersec-
tion codimension for generic one-dimensional routing channels I';, T';:

oo

J Po(s)ds = 0 fpatlal <2, (6.7)
o
dim(T; 0 Tj) = 1+ 1— diP*™ = 5 — gP! (6.8)
spatial . .1s
For dg < 2, random walks recur with probability one and non-planar

interconnects cannot be routed without crossings (dim > 0, [66]) that force

serial arbitration and continuous boundary dissipation I, 5 > 0. Only for

P8 > 3 is generic channel intersection empty (dim < 0), permitting

collision-free non-planar causal routing.

An upper bound ds patial _ 4 follows from the stability of central-force bound

states—atomic shells (Chapter 5), mechanical oscillators, and orbital clocks—
. . . ial s

under Laplacian flux conservation.” For integer n = sSpatla > 2, Gauss’s law

fixes the radial central force F,(r) with coupling k > 0 and binding potential

Un(r):

&®=—j« (6.9)
____k
Un(r) = ot (6.10)

For reduced mass y > 0 and angular momentum L > 0, the planar effective
potential V.g(r) has circular-orbit stationarity at r, > 0 and radial stability
curvature V(r,):

L’ k
V = — s 6.11
’ Lz 4—n
Veff(rc) =0= 7 =kr ™, (6.12)
” k
o) = (4—m) = (6.13)

c

THEOREM 6.1 (Dimensional Upper Bound from Orbital Stability). Let an

emergent spatial continuum possess integer spectral dimensionn = sspatlal > 2,
with long-range binding governed by the n-dimensional Gauss-law central po-
tential U,(r) in (6.10) with coupling constant k > 0. Circular orbits of non-zero
angular momentum L > 0 and reduced mass u > 0 are linearly stable with
restoring effective potential curvature Vi(r.) > 0 if and only if n < 4. Con-
sequently, for any integer spatial dimension satisfying the non-planar routing
boundn > 3, circular orbital stability holds if and only ifn = 3.

PROOF. Because L > 0, u > 0, and k > 0, (6.12) admits r, > 0, and by (6.13)
the sign of V(r,) matches 4 — n. Hence V/i(r,) > 0 if and only if n < 4,
which intersected with integer n > 3 uniquely yields n = 3. O

By Zeeman’s unknotting theorem [172], closed one-dimensional loops S! < $" likewise untie
trivially for all n > 4, leaving knot-protected flux tubes viable exclusively at n = 3.
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At n = 4 circular orbits are marginal (V/{{(r.) = 0) and for n > 4 strictly
unstable [155], matching Bertrand’s theorem that among central power laws
only three-dimensional Keplerian and harmonic potentials close all bounded

orbits [147]. Combining 3 < :patial < 4 with the single directed Fiedler axis

dime = 1 along @y;me uniquely selects (3 + 1) continuum dimensions:
spatial spatial
3 S ds < 4 = s — 3, (614)
dS[H] _ sspatial n dstime =34+1=4 (6,15)

6.1.2  The Minkowski Interval and the Reversible Tracking Threshold

Consider first an irregular relational substrate whose coarse-grained block
degrees have uniform mean d > 0 (links) and whose degree-normalised
spectral cut conductances (2.311) satisfy XY(«)/d, = & 8" at baseline con-
ductance & > 0 (Iinks_l) across all n = 3 spatial axes within the Weyl
diffusion window. Unlike a periodic lattice, whose discrete grid axes break
boost symmetry, an irregular substrate without preferred lattice directions
realises continuous orthochronous Lorentz isotropy SO (1,3) statistically
across coarse-grained blocks (K,, > 1), analogous to Poisson-sprinkled
causal sets [19]. Physical seconds and metres enter by choosing an inertial
physical reference oscillator as S,.¢ of reversible distinction rate Q.f > 0
(natss™?) in (2.255). For any target subsystem S with active rest-frame re-
versible distinction rate Qg > 0 (natss™%, (6.6)), letting dt (2.255) (x° = ct) de-
note coordinate time metered on S,.¢, dr (2.250) denote standardised proper
time accumulated along K, and d¢ denote Euclidean spatial displacement
relative to S in Cartesian coordinates x' (i € {1,2,3}) at invariant causal
propagation speed ¢ > 0 (ms™') calibrates the distinction channels (all in
nats) to:

dliota = Qg dt, (6.16)
Ly = Qg dr, (6.17)
dly, =0y & (6.18)

C

Here df;,;; = Qg dr is a Lorentz scalar counting the intrinsic reversible dis-
tinctions actually accumulated along S’s own internal channels K, whereas
dliora and dI.y are observer-relative projections onto the chosen inertial ref-
erence sub-block S.f, with dl;,,) measuring the reference distinction budget
S would accumulate internally over dt if comoving with S Calibrating
each spatial component in (6.3) and solving (6.2) for the invariant internal
leg yields the Euclidean spatial element and local Minkowski interval:

dx
dlext; 1= Qo 7 (6.19)
de? = 8 dxdx, (6.20)
dIi%lt = dItzotal — dIeZXt = c2dr? = 2dr? — de?. (6.21)
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THEOREM 6.2 (Recovery of the Local Minkowski Interval). Let an embed-
ded observer with calibrated reversible distinction rate Qg > 0 allocate differen-
tial updates across mutually orthogonal temporal (dLy ) and three-dimensional
spatial ({dIext,i}?:l ) channels satisfying (6.2)—(6.3). Under the operational clock
and distance calibrations (6.16)—(6.20) with invariant signal speed ¢ > 0, the
proper-time interval satisfies

Adr? = 2d? — de?, (6.22)

recovering the (— + ++) Lorentzian Minkowski metric n,,, = diag(-1,1,1,1)
in coordinates x* = (ct, x!, x?, x°) independently of Qg.

PROOF. Substituting (6.16)—(6.20) at n = 3 into the orthogonal channel sum
(6.2)—(6.3) gives

2
04 dr? = 03 dr? + 03 1. (6.23)
C

Multiplying (6.23) by ¢? > 0, cancelling Q<21> > 0, and solving for c2dz? yields
(6.22). O]

The Lorentzian minus sign thus requires neither Wick rotation nor imagin-
ary edge weights. Solving the positive-definite Frobenius balance (6.2) for
the frame-invariant internal leg dIZ, against the frame-relative reference
budget dIt2 | algebraically reverses the sign of dI%,. Dividing (6.21) by dt

otal
defines coordinate speed v and the normalised Lorentz allocation circle:

— 6.24
viso (6.24)

dr?2 2
— + = =1, 6.25
drz ¢ (6.25)

from which the Lorentz factor yi (v) fixes proper-time dilation and longitud-
inal length contraction relative to rest length L:

1

nw) := \/?2/02, (6.26)
dr = YLd(tv), (6.27)

L
L= )/L((L)' (6.28)

At rest relative to S,.f (v = 0), dIi; = 0 and all updates advance internal
memory (dr = df). At v > 0, committing df; > 0 across K, leaves fewer in-
ternal distinctions (dr < dt) and projects L, onto a contracted simultaneous
slice (L} < Lg). Comparing trajectories of different speeds v across a fixed
reference increment dt on S, traces the Euclidean allocation circle (6.25), so
between two worldlines that depart and reunite at a common register on a
later slice S;, the trajectory routing flux across K, completes fewer internal
channel updates dkg = vy Tr(Kg) dr on K (At < At). Conversely, switch-
ing from S to any boosted inertial reference sub-block S ¢ transforms
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the observer-relative pair (dlioal, dlext,;) = (AL, Ay ;) under SO™(1,3)
across the Lorentzian hyperbola (6.22) as each frame foliates simultaneous
slices along its own Fiedler mode @y (2.240), while leaving df; = Qg dr
on Kg (shielded on S by Lgq, Section 2.1.2) strictly invariant. Because a
boost is an SO (1, 3) frame rotation on a statistically isotropic substrate [19]
rather than a coarsening map P (Section 2.3.2), the moving system preserves
its rest-frame partition II, static structural norms @}, and @, and stabil-
ity barrier Al rier, while exact cancellation of QF in (6.23) ensures symmet-
ric relative dilation without a preferred rest frame across clocks of distinct
capacities Qgp.

Flat Minkowski kinematics (6.21)-(6.28) requires both statistically homogen-
eous resolved capacities Kg and an incoming proper-time rate of environ-
(6.6). Whenever L., exceeds Qg in the observer’s proper frame, excess dis-
tinctions cannot be routed reversibly and enforce a capacity-overflow floor
on proper-time boundary dissipation jirr,a (Section 3.2.2):

mental distinctions L, > 0 (natss™!) across ngXt) that stays within Qg

jirr,a 2 [jenv - QCD] 4 (6.29)

where [x], := max(x,0). On a statistically homogeneous substrate with
Liny < Qg, lossless coupling maintains flat kinematics (f;; 5 = 0). Whenever
coarse-graining instead concentrates internal capacities K, unevenly across
im(Ppy) or leaves unmodelled capacities and boundary overflow (5 > 0)
(@]
v

in im(Qyy), the emergent metric gy, itself must curve (Section 6.2).

6.2 GRAVITY

Why does energy—momentum curve spacetime? Standard general relativity
postulates G, = kgT), without specifying why matter and unresolved en-
ergy deform geometry. Within Conservation-Congruent Encoding, gravita-
tional curvature is the direct continuum image of coarse-graining II across
I = P + Qp (2.64), distinct from thermodynamic horizon-state derivations
[49, 80, 167]. On the bare loopless graph G = (V, E), every vertex lacks self-
loops (A;; = 0) and carries strictly negative diagonal Ricci curvature (2.274),
so attractive gravitational focusing does not exist prior to coarse-graining.
Partitioning G into persistent blocks concentrates internal links into diag-

onal capacities K, on im(Ppy) that turn local Ricci curvature positive even

in vacuum (Tﬁf,raCked)), while unresolved sub-grid capacities and boundary

dissipation on im(Qyy) enter the nonlinear commutator of the Einstein op-

erator (Tl(lbmtraCked)). Changing the coarse-graining scale shifts contributions

between these two sectors without altering their conserved sum, making the

emergent metric gl[g;] objective for any declared projection ®.

157



158

SPACETIME, GRAVITY, AND COSMOLOGY
6.2.1 From the Capacity Graph to Continuum Curvature

Bridging the block capacity graph Gg (M > 3) to continuum Riemannian
slices (2, g;j) and a divergence-free spacetime curvature tensor requires sep-
arating exact discrete identities on the M-register block space RM from dif-
ferential identities on the three-dimensional spatial tangent bundle TX.

On RM, three algebraic identities from Chapter 2 hold exactly on every fi-
nite partition without manifold assumptions. First, under cut internalisation
[diag, €p] = Ip (2.168) and the discrete Ricci commutator [Ric, €p] (2.276),
encapsulating dense internal subgraphs into heavy blocks yields K, > dg +
K p, flipping the diagonal capacity-Ricci curvature (Ricg)y, (2.274) from
strictly negative on the bare graph to strictly positive inside massive re-
gisters. Sparse exterior throats carry compensating negative curvature so
that global scalar curvature Scalg < 0 remains fixed by inter-block cuts
(2.275) (Example 2.8). Second, across the n = 3 spatial spectral axes z(«)
(2.237), dividing the local spectral cut conductance %(a) (dimensionless,
(2.311)) by block degree d, (links) forms the 3 x 3 degree-normalised cut
conductance >¥(a)/d,, (in links ). Concentrating internal capacity K, en-
larges d,, in this ratio, depressing % («) /d,, below the uniform baseline & 5V
and stretching resistance distances around heavy blocks as the discrete pre-
cursor of a Flamm spatial throat. Third, applying Lemma 2.6 (2.270) to 1)
on a closed capacity Laplacian (Lg1,; = o) evaluates the combinatorial Ricci
row-sum divg Ricg € RM (links?) and its exact global cancellation:

M
(divg Ricg)y 1= ), (Rick)qp = df — (Kd), = (Lgd),, (6.30)
=1
M
> (divg Ricg), = 1] Lgd = 0. (6.31)
a=1

Pointwise row-sums vanish on degree-harmonic regions where Lgd = o, in-
cluding the uniform baseline d, = d. For an open subsystem S C V, omitting

bath return across D;’Xt) # 0 breaks row-sum closure on the open Dirich-
let Laplacian, whereas restoring the Schur boundary self-energy 3k cpy in
Lk ¢ff (3.6) restores exact nullspace closure Lk ¢¢1)7 = 0.

Crucially, both the algebraic curvature Zg = Sk ©® I, in (2.280), whose
Schouten denominators M — 2 and 2(M — 1) depend on block count M > 1,
and the scalar row-sum (6.30) act on the M-dimensional register space RM
rather than on the d = 3 tangent space T,X of an emergent spatial slice.
Coordinate-free simplicial deficit angles [141] and Ollivier—Ricci transport
curvature on random geometric graphs sampled from a smooth manifold
converge across intermediate diffusion scales to continuum Ricci curvature
[78, 123]. Because arbitrary relational graphs satisfying Axioms I-1II need
not converge automatically to a smooth manifold, passing from discrete
block operators on RM to differential geometry on a smooth spacetime chart
A rests on an explicit continuum closure hypothesis.
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PRINCIPLE 6.3 (Continuum Metric Closure Assumption). Let an embed-
ded observer coarse-grain G = (V, E) under ® across the persistence win-
dow (K,, > 1) and Weyl diffusion window ,u[T/Il < s < (M > 1)in
the (3 + 1)-dimensional regime d;’ atial _ 3 and dime = 1 of Section 6.1. In
the geometric phase, the calibrated proper-time increments dr (2.250) and
degree-normalised cut conductances X¥(a)/d, admit an effective smooth
(3 + 1)-dimensional Lorentzian metric gl[,%)] (dimensionless in coordinates
x# = (ct, x*, x%, x®)) of signature (— + ++) on . whose spatial inverse met-
ric interpolates the baseline-normalised cut conductance at block position

Xyt

y Si(a)
) -
8jo)(Xa) = T (6.32)
and whose continuum Ricci tensor R, [ g[q)]] (m™?) reproduces across coarse-
grained Weyl neighbourhoods the directional focusing and defocusing of
capacity curvature Ricg on Gg.

Under Principle 6.3, two differential identities hold directly on the emergent
tangent bundles TX and T ./ . First, whereas a Riemann tensor ind > 4 spatial
dimensions carries independent Weyl conformal components, on each d =
3 spatial tangent space T),3 selected by Theorem 6.1 the three-dimensional

Weyl tensor (S)Wijkl vanishes identically and the spatial Ricci tensor G)Ric
reconstructs the full spatial Riemann tensor (3)Rijkl (m™2):

OWyg=0  (d=3) (633)

ORy = (((3>Ric _i G)R g> o g) (6.34)

ijkl
Propagating four-dimensional gravitational waves (W, ,, # 0) arise dynam-
ically once the spatial slices (%, g;;) are stacked across time in Section 6.2.2.

[@]

Second, for the Levi—Civita connection vy of gy’ on T, the Ricci tensor

alone is generally not divergence-free when scalar curvature R[g!®!] varies
across space and time, just as the block row-sum (6.30) equals Lgd rather
than vanishing on inhomogeneous graphs. Subtracting half the scalar trace
defines the continuum Einstein tensor G, [ g[q)]] (m™?) and enforces the ex-
act contracted Bianchi identity:

1
Gul8™] = R[] - JR[g®] gy, (635)
1
VG [!™] = VR [6!7] - ZV, R[] = 0. (6.36)

6.2.2  Coarse-Grained Stress—Energy and the Einstein Field Equation

Under the observation projection ® : s — Z (Section 4.1, (4.11)), the ex-
tended coarse-grained state (2.309) on each spatial hypersurface ¥ comprises
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the spatial metric gj;, its conjugate momentum density 7V, resolved matter
and gauge fields ¥, and coarse-grained entropy S (in nats):

Zp 1= (X)), (6.37)
ZCD [Z] = (gija ﬂ'ij’ ¥, S)Z (638)

Eliminating unresolved degrees of freedom in im(Qyy) induces the boundary
cometric M, (Section 3.2.2, (3.11)), accumulating boundary dissipation along
any worldline y parameterised by proper time z:

Lol Zg) := J

Lypodr = J VS(Zgp) - My(Zg)VS(Zg) dr > 0. (6.39)
Y

Y

0 = ¢t in an Arnowitt—Deser—

Stacking the Riemannian slices (%, g;;) across x
Misner (ADM) foliation [3] with dimensionless lapse Njypse > 0, shift velo-
city N = (N*) (ms™), and future-pointing unit timelike normal #* defines
the ADM extrinsic curvature %;; (in m™", written in calligraphic script to
distinguish it from capacity blocks K, ) and evolves Zg[3] under the exten-
ded coarse-grained generator Hy := Hiracked + Huntracked (Section 2.5.2 and

Section 3.2):

1 1

Kii 1= —=Lagi = ————— (i — NEii )» 6.40
ij 5 n8ij ZCMapse (gl] Ngl]) ( )
&ij = {gij’ HCD} + (gij’ S)Hq)’ (6.41)

for any coarse-grained observable A(Zp), where the symmetric bracket (-, -)p,

is generated by the Kulkarni-Nomizu mobility tensor Rbed (2.317)-(2.320)
[115]. By the Kulkarni-Nomizu Casimir degeneracy (Hg,S)q, = 0 (2.324)
and the sector cometric split M = Mg + M, (3.9), dissipative exchange
transfers energy from Hi;,cxed into the entropy-bearing reservoir Hypiracked
while keeping the total generator Hg strictly conserved:

Hy = {Hyp, Hy} + (Hy, S)py, = 0, (6.43)
S= {S; HCID} + (S’ S)Hq, = jirr,Q + jirr,a 2> jirr,a 2> 0. (6-44)

Why do both quiet baryonic masses and unresolved sub-grid dynamics curve

€Y
the coarse-grained metric gL(f]? Let g,[l? I denote any finer Weyl-window

(1)
metric coarsened to gL?,)] :=Pql g{,? ]] across ® = <I>(1)PH via Theorem 2.2.

Because the Einstein tensor G, is quadratic in the Levi-Civita connection

Fl/}v, evaluating G, on g,[,?,)] does not commute with Pry. Applying the coarse-

(1)
graining commutator (2.166) of Lemma 2.3 across g;[;I/) LN ,[ff] with empir-

ical gravitational coupling kg (inmJ ™, calibrated by Newton’s constant G in
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m3 kg™ s7?) defines the tracked, untracked, and total stress—energy tensors

(in Jm™3):

Kg ‘= 4 s (645)

[y Prd(g!™"") = Gy [¢1®1] = PG ¢1*1] ] (6.46)
(untracked)
TIJV

T}%otal) - Tl%racked) n T/S}/lntracked).

5

(6.47)

Here Pn[Gyv[g[q’(l)]]] = KGTl(lf,raCked) captures the resolved fields ¥, where

persistent particles acquire rest mass m proportional to Tr(Kq) via (5.4) from
concentrated intra-block capacities Kg and generate positive Ricci focusing
(Rick)aq > 0 (2.276) even in quiet vacuum (I 5 = 0). Complementarily,
the commutator (6.46)—the continuum counterpart of Lemma 2.3 alongside
the Schur boundary residual —X.,,, (2.171)—collects all curvature generated
across the open-observer residual projector Qﬁs (2.69) between & and @,
encompassing both unmodelled intra-basin capacities in K, and irreversible
boundary dissipation [y, 5 driven by (g;;, S)p, (6.41) and calibrated into Jm™3
at substrate noise intensity 0 (J nat™").

How does non-Hamiltonian drift (gj;, S)p, and (©7,9) H, Temain compatible
with ADM constraint preservation across slices? Because open dissipation
acts across im(Qyy), the tracked canonical fields alone do not close the ADM
constraints when ;5 > 0. Instead, the Casimir identity (Hp,S)y, = 0
(6.43) transfers every unit of energy—momentum lost from the tracked sec-

tor into Tl(,untrad(ed) With trace & := % s spatial covariant derivative D;

on (Z, g;;), and spatial projector h;*, varylng the total generator Hg across
(Mapses N') closes the Gauss—Codazzi ADM Hamiltonian and momentum

constraints (both in m™2) on the combined source T(tOtaD.
OR+ K2 — HyH = g TO Vi, (6.48)
Di(H; — 8 H) = —xg TSRV, (6.49)

Combining (6.46)—(6.49) with the contracted Bianchi identity (6.36) yields
the coarse-grained Einstein field equation and tracked—untracked covariant
exchange law:

[ ] (Tl%racked) T(untracked)) ’ (6.50)

- (Tﬁtvracked) (untracked)) (6.5)

yH T;Sxt/raCked) _yH T(untracked) (6.52)

Justas D(eXt) # o breaks open-subsystem conservation until closed by 2 ey,

(tracked)

tracked stress alone need not satisfy VFTj, = 0 across dissipative

(untracked) closes (6.51) identic-

ally. Taking the formal fine-grained limit (I)(l) — id below the Weyl diffusion
hT (untracked)

boundaries, whereas its exchange (6.52) with T,

window does not leave a smooth metric wit = 0, because with-
drawing coarse-graining altogether dissolves the continuum chart itself back
into the bare graph G = (V, E).
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6.2.3 Proper-Time Arrow, Geodesic Attraction, and Horizon Saturation

Along any timelike worldline y in signature (— + ++), internal memory up-
dates along K accumulate the curved-spacetime proper-time interval and
worldline functional zg[y]:

dr? = —Cizg,[,?] dxHdx", (6.53)

toly] = %J \ — g dxdx, (6.54)
Y

whose intrinsic distinction integral Qg [y] = T, generalises the intrinsic
proper-time horizon of (2.244), with 7g[y] = 77 in (2.256). Although (6.53)
is quadratic in dx*, coarse-grained histories cannot run backwards in 7. Be-
cause S is a Poisson Casimir (2.322), advancing along any monotonically in-
creasing trajectory parameter A (dA/dr > 0) drives non-decreasing entropy
solely through the metric bracket:

ds

o = 59k, 20, (6.55)
ds dA

T (S.8)p, > 0. (6.56)

Metric curvature in (6.50) simultaneously explains gravitational attraction
and clock redshift while upholding the Einstein Equivalence Principle. Rel-
ative to four-velocity u¥, the induced spatial metric and stationary temporal

support factor y,(x) (g([);p] = 0) read:

Uy thy
hyy = gp[fg] + “—2 (6.57)
Cc
de? = hy, dx#dx", (6.58)

and for a clock held stationary at fixed spatial coordinates (dx’ = 0), temporal
support x,(x), gravitational clock dilation dt/dz, and photon redshift 1 + z
satisfy:

Xg(x) = —ghol(x) >0, (6.59)
&1
- m, (6.60)
( ky)em
s (Z:kﬂ)obs' (661

Near any resolved or unresolved mass concentration, positive Ricci focus-
ing depresses temporal support below unity (yg(x) < 1, with y,(x) = 1+
2®N(x)/c? in a weak Newtonian potential @y < 0). An unforced CCE in free
fall (a# = 0) expends zero boundary station-keeping thrust and extremises
its accumulated internal reversible updates Qg7e[y]:

5J dlint = Qu Sraly] = 0. (6.:62)
Y

% = —VON(x), (6.63)
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bending trajectories towards regions of deeper metric depression in exact
agreement with conservative Poisson flow {Z, Hi,cked} (2.313). Conversely,
holding a clock at fixed spatial coordinates (v = 0,a" # 0) diverts reversible
updates into outward boundary station-keeping against the metric gradi-

ent, slowing stationary proper ticks by dr = [ y,(x) dt. Because Qg cancels

identically in (6.60)—(6.63), gravitational time dilation and free-fall acceler-
ation are strictly universal across all clock substrates, including thermally
shielded or cryogenically cooled detectors.

For a timelike worldline congruence with unit tangent 2 : = u" /c, shear o,,,,
vorticity wy,, and four-acceleration a# := 4"V, d¥, volumetric focusing and
expansion follow the Raychaudhuri equation [140] in terms of the expansion
scalar ©cyp, (m™):

Ocxp 1= Vil (6.64)

N 1 TN
UV, Beyp = —EQEXP — 00" + @, 0" = R, M0+ V a, (6.65)

where the untracked sector contributes via (6.50) with trace T(untracked).

R (untracked) a ; ~ 1
(R.UVuyuv)untracked =KG (Tp}/l e utay + ET(Untracked)> , (6.66)
7(untracked) . _ gflql)’] T/S}/lntracked). (6.67)

Concentrated intra-basin stress with positive Raychaudhuri source in (6.66)
drives attractive focusing (4"V, Oy < 0), whereas untracked stress violating
the strong energy condition (Tﬁgntraeked) u'n” +(1/ 2)7(untracked) 0) drives
congruence defocusing (4'V, 0.y, > 0) without postulating an elementary
negative-pressure fluid.

Relative to stationary proper-time increments . | yg(x) dt, when gravitational

compression drives y,(x) — 07 so coordinate null speed d¢/dt = ¢ | Xg ()
vanishes, the outward acceleration a" required to hover at fixed coordin-
ates diverges, saturating the reversible distinction balance (6.2) alongside
the local null transport boundary:

dIext - dItotab (6-68)
dfipy — 0, (6.69)
gl[,%] dxtdx’ =0 <= _d . c. (6.70)

\,Xg(x) dt )

Ablack hole horizon is this stationary allocation limit, where station-keeping
consumes the entire reversible budget and collapses stationary proper time
while freely falling observers (a* = 0) cross in finite 7. Here ¢ (ms™") is not a
Shannon channel rate (Qg in nats s™), but the continuum conversion scale
between resistance distance Q4 on Kj and reference time on K, realising
the multi-slice graph-routing bound Azcqmpare 2 distg, (@, ) of (2.310) and
(4.80). Whenever an observer traverses an ambient bath of coordinate-frame
arrival rate [,y o > 0 (natss™?) at local stationary speed v < ¢ (measured
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per stationary increment | [y,(x) dt) in temporal support y,(x), kinematic
and gravitational clock compression combine into the dimensionless track-
ing factor Z¢(v, x), blueshifting the incoming environmental arrival rate
Ieny(v, x) 1= dl.p,/dr (nats s™") per unit observer proper time:

Rep(v,x) 1= n() , (6.71)
X

dr _ -1 - %) 6.72

i o (V,x) = TOR (6.72)

jenv(va x) = e%CID(V: x) jenv,O- (6.73)

For \@Q‘b > Ienyo, lossless tracking via (6.29) holds only below the
velocity ceiling in (6.74), while either v — ¢~ or y4(x) — 0" drives B¢ (v, x)
and proper-time boundary dissipation Ly, 5(v, x) (nats s™*) to diverge:

2
I
ve<e [1-|—20 |, (6.74)
\V(g(x) QCD
lim Zp(v,x) = lim Re(v,x) = oo, (6.75)
Voo Xg(x)—0%
jirr,a(V, x) 2 [‘%‘D(Va x) jenV,O - Q(I)] + — 0o, (676)

On every spatial slice, static link allocation obeys @ j10c < @total and Qfyee >
0 (2.200) unconditionally (Theorem 2.4), because neither Lorentz boosts nor
stationary redshift alter the combinatorial link incidences of Gk (Section 6.1.2).
What % (v, x) compresses is the observer’s uncommitted proper-time re-
versible bandwidth Qg0 (7) (in nats s™'), which remains strictly positive only
above a dimensionless critical temporal support floor Xgrit(v):

eree(f) = [QCD - *%CIJ(V, x) jenV,O] + 20, (6.77)
. 2
. Lenvo
Xgrlt(\;) = )/Lz(v)( eQn; ) s (6.78)
eree(T) >0 = Xg(x) > X‘gcrrit(v)- (6.79)

Whenever y,(x) > Xgm(o), the temporal support threshold (6.79) coincides
identically with the velocity bound (6.74), whereas at or below Xgm(v) un-
committed proper-time bandwidth saturates at Qge.(7) = 0 without viol-
ating Qgee > 0 and spills excess arrivals into L, 5(v, x) via (6.76). In flat
vacuum (Lepy o = 0), both Gfee and Qfree(r) = Qg remain boost-invariant.
In an ambient bath (L, o > 0), sustained through-time agency (yr > 0)
requires both static structural slack @gee(x) > 0 (Theorem 3.4) and posit-
ive proper-time bandwidth Qg...(r) > 0, situating viable observers between
sparse intergalactic voids with low @,1(x) and near-horizon saturation at
Xg(x) < Xgrit(v) and favouring intermediate planetary wells.
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6.3 COSMOLOGICAL HORIZONS

A differential field equation such as (6.50) can be formally integrated to
t - 0ort — oo even where no embedded subsystem S C V can store
or verify its extrapolated states. Treating those infinite mathematical limits
as observer-independent physical reality commits the Platonic Observer Fal-
lacy (Section 4.1.1). By Theorem 4.1 (4.13)-(4.4), any observer enclosed within
a smooth operational boundary 9S of area A,q resolves at most M < | Ng/2]
blocks (M < |Xs|) under Z; = ®(X;), subject independently to an upper
holographic memory bound [11, 12, 75] (without assuming horizon satura-

tion) and a finite pathwise dissipation budget WIE;:)X [tts] (4.10) at substrate
noise scale 0:

A
[(X%:2) < Leyo® < Iy < 47925 < oo, (6.80)
P
©)
1y w
; S max,[t,,5]
Iirr,a,[ta,tb][y] = J Ly o(t)dt < Ii(rr,)max,[ta,tb] i= Tb < oo, (6.81)

a

Auditing backward and forward cosmic extrapolations against (6.80)—(6.81)
replaces singular origins and infinite-horizon equilibria with well-defined
epistemic horizons.

6.3.1 Retrodictive Divergence and Past Resolution Limits

To reconstruct the cosmic state at an earlier epoch t < t; from a present
coarse-grained record z, € Z , the observer faces multi-slice backward branch-
ing (Definition 4.2, (4.17)), since ® is many-to-one and trajectories from k_ >

2 distinct past blocks {Sj}f;l merge into (I)_l({zto }). Across those k_ reachable
past blocks, the posterior weights p;(t | z,) define the retrodictive branch
load By (t; 7, ) (in nats):

Pt 1) = | o |5 o) (682)
J
k_
By(tiz,) :=— Y, pj(t | z,)Inp;(t|z) <Ink_, (6.83)
j=1

which by Theorem 4.3 (4.19) requires boundary dissipation iy 5 7 > By (t; 2, )
to resolve. Past distinctions reach the observer along a past-directed causal
light-sheet [22] of cross-sectional area A_(A_) (m?) at backward affine para-
meter A_(t) (m). Tracked retrodiction requires Bg (; z;, ) to fit simultaneously
within ch)ap and the covariant light-sheet capacity A_(1_)/ (4812)) (6.80), set-
ting a strictly positive past area floor AZI(t):

cap A_(1) X

By (t;z,) < minjly *,
(0] Ty id) 4'3}2)

A_(A2) = AP 1= 4t3By(t: z,,). (6.85)

(6.84)

165



166

SPACETIME, GRAVITY, AND COSMOLOGY

The earliest backward epoch t5 <, at which the past light-sheet contracts
below Ag™(t) (or By (t; z;,) exceeds L;ap ) defines the backward epistemic ho-
rizon, beyond which tracked reconstruction fails in retrodictive divergence.

Equations (6.83)-(6.85) refute the physical inference of a zero-volume Big
Bang singularity. Classical Hawking—Penrose theorems [76] integrate (6.65)
backwards along 2 := —i/' for the past-directed expansion ©_ := —0cy, <
0 of an irrotational (@, = 0), geodesic (@* = 0) congruence under R, 4" >
0, mirrored on the past light-sheet A_(A_) by null focusing with prefactor
—1/2 under the null energy condition:

do_ 1 .9 TN 1 -
T —56_ — 00" — R, ildY < —56_, (6.86)
lim ©_ (1) = —co. (6.87)
- origin

Continuing (6.86)—(6.87) to A_(A_) — 0 fails physically across three coupled
thresholds. First, as A_(4_) contracts towards Ag'"(¢) while By (t; z; ) grows,

Ieny exceeds Qg (6.29), shifting source weight from Tﬁraeked) into T,SlvmtraCked)

in (6.50). Second, once past light-sheet cross-sections reach the discrete Weyl
cutoff ,uX/Il where finite substrate valence d; < dp,, (2.194) saturates block de-
grees, the spectral chart ® (2.236) ceases to approximate a smooth manifold
while the underlying graph curvature Ricg remains strictly finite. Third, by
Corollary 4.4, refining a positive initial past cross-section A_(4_,) > 0 to
A_(A_) — 0" drives both preserved capacity and reset work to infinity:

A_(A_p) A_(A_)—>0"

hev(2) 2 —— e In2 oo, (6.88)
Waiss(A-) 29111(12((/; 0))) AU 00, (6.89)

violating (6.80)—(6.81). Universal redshift 1 + z (6.61) and cosmic microwave
thermalisation reflect coarse-grained curvature in (6.50) rather than licens-
ing extrapolation to A_(A_) = 0, and the apparent singularity is retrodictive
divergence at tg,.

6.3.2  Predictive Signal Dilution and the Epistemic Bubble

In the forward direction (¢t > t;), trajectories bundled inside <I>_1({zt0}) dis-
perse across k; > 1 reachable future blocks (4.16) while open boundary
damping (A, S)p, erodes phase correlations. Unlike the observer’s incoming
past light-sheet A_(A_) carrying cosmic retrodictive branch load By (t; z;,),
forward resolution tracks a separate outgoing point-source or predictive
causal wavefront of cross-sectional area A, (1,) (m?) at forward affine para-
meter A, (¢) (m). Near a localised emitter, A, (A, ) can start at compact cross-
sections A, (A,) « AI(t) without triggering retrodictive divergence, be-
cause ATI(t) constrains only A_(A_). Instead, by data processing and (6.80),
surviving predictive mutual information I(Z; ; R;) cannot exceed ch)ap’ while
an outgoing signal of energy Egjona1 > 0 (J) spreading across A, (1) remains



6.3 COSMOLOGICAL HORIZONS

resolvable against detector fluence noise floor p,sise > 0 Jm™?) only up to
a finite outgoing area ceiling Ag™*:

I(Z; Ry) < Leyolto) < Iy s (6.90)
Esignal
> e 6.91
AL(A)~ Prnoise (6.91)
Egional
Ap(Ay) < Amax = 2 o (6.92)
Pnoise

The forward epoch t > f, at which the outgoing wavefront A,(1,) ex-
pands past Ag™™ (or I(Z;; R;) falls below the detector noise floor) defines
the forward epistemic horizon, beyond which outgoing distinctions are lost
to predictive dissipation.

Equations (6.90)-(6.92) similarly rule out operational claims of universal
Heat Death [34, 67]. Postulating a global entropy of a closed cosmos pre-
supposes an external spectator enclosing V, violating Theorem 4.1. As tra-
jectories cross tg or the causal horizon (6.80), (Z,;R;) — 0 transfers dis-

tinctions from Tl(;,raCked) into Tl(l},mtraCked) rather than halting substrate dy-

namics. Under (6.42), Casimir conservation preserves total coarse-grained
energy (Hp = 0, (6.43)) while any open multi-basin subsystem (M > 2)
retains Qe > 0 via the £,—f; norm gap (2.200), operating indefinitely as a
generative dissipator (Definition 3.10) by exporting boundary entropy across
its local horizon.

Pairing the past light-sheet floor (6.85) with the outgoing wavefront ceil-
ing (6.92) confines every embedded observer to a compact temporal interval
Do := lty.13]—its Epistemic Bubble—bounded at its past and future hori-
zons by two distinct causal congruences.

THEOREM 6.4 (Cosmological Epistemic Horizon Bounds). LetS C V be an
embedded observing subsystem at epoch ty with finite structural capacity ceil-
ing ch,ap < oo, past light-sheet cross-sectional area A_(A_) > 0 (t < ty) car-
rying retrodictive branch load 0 < Bg(t;z,) < ch,ap, and outgoing predictive
wavefront cross-sectional area A, (A,) > 0 (t > t,) carrying signal energy
Egignal > 0 against detector fluence noise floor pyoise > 0. Tracked reconstruc-
tion across Do = [tg,t5] is physically admissible if and only if the incom-
ing past light-sheet and outgoing predictive wavefront satisfy their respective
causal area bounds:

A(AL) > ARING) = 463By(t; 2,), (6.93)

Esignal

AL(Ay) < AR = (6.94)

noise

Any backward extrapolation with A_(1_) < AI(t) (t < tg) fails by retro-
dictive divergence and any forward extrapolation with A (A;) > Ag™ ¢ >

t3) fails by predictive dissipation, transferring unresolvable distinctions from
Tlggracked) into Tlgbmtracked)‘
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PROOF. Since By(t;z;,) < I and 463 > 0, the retrodictive capacity condi-
tion (6.84) on the past light-sheet is equivalent to By (t; z,) < A_(A-)/ (4(%),
and thus to (6.93). Independently, for A, (4,) > 0 and p,pise > 0, the predict-
ive signal-to-noise condition (6.91) on the outgoing wavefront is equivalent
to Egignal/A+(A4) = pnoise> and thus to (6.94). Outside Dg = [tg 131, viol-

ating either bound transfers unresolvable distinctions into T,SlvmtraCked) via

(6.46). O

EXAMPLE 6.1 (Epistemic Horizon Bounds of an Embedded Cosmic Obser-
vatory). Consider an embedded cosmic observatory whose incoming past
light-sheet carries retrodictive branch load Bg(t;z,) = 10% nats (< I&:)ap) at
Planck area scale £3 = 2.612x10~7° m?, while an outgoing astrophysical tran-
sient radiates signal energy Egiona = 10** J (comparable to a core-collapse
supernova or gamma-ray burst) against an integrated detector fluence noise
floor ppoise = 1071°Jm™2. Evaluating Theorem 6.4 (6.93)-(6.94) fixes the

past light-sheet floor and outgoing wavefront ceiling:

AP™(t) = 48 By (t; 2,) ~ 1.04 x 102 m?, (6.95)
Egignal

Amax = 2B 00 % 105 m?, (6.96)
Pnoise

Backward cosmic reconstruction fails once the incoming past light-sheet
contracts below A_(1_) = 1.04 x 102! m? (spherical light-sheet radius r_ =
9.1 x 10° m), setting t3. Independently, the outgoing transient wavefront
remains resolvable from its compact source (A,(1;) < Agin(t)) out to
AL(Ay) = 1.00 x 10°* m? (spherical wavefront radius r, = 2.8 x 102 m, or

roughly 9.1 Gpc), setting t3, beyond which unresolvable distinctions enter
T(untracked) o
v .

Theorem 6.4 completes Chapter 6 and Part II. From quantum measurement
and molecular bonding to (3 + 1) spacetime, gravity, and cosmic horizons,

effective physical laws emerge from coarse-graining a finite relational graph

under II, where Tf,},mtraCked) in (6.46) captures the curvature sourced by un-

resolved degrees of freedom. Part III turns from observing physical reality
to engineering within it, building continuous dynamical circuits and Hyper-
bolic Processing Units (Chapter 7) and establishing physical containment
bounds for autonomous artificial intelligence (Chapter 8).
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PHYSICAL COMPUTATION AND HARD WARE
ARCHITECTURES

Computer science rests on two opposing idealisations. At the logical level, it
treats the discrete bit {0, 1} as a costless primitive of computation (Section 1.5),
while at the analogue level, it assumes that physical states inhabit an infinite-
precision real continuum RP. Embedded hardware admits neither extreme.
By Corollary 4.4 (Section 4.1.3) and the continuum bounds of Chapter s,
resolving an exact real coordinate requires unbounded preserved structure
(Itey — ©0) and infinite boundary dissipation (fi;y 97 — ©0). Conversely, re-
stricting an architecture to binary fixed-point states {0, 1} is not a physical
necessity, but a design choice that confines the assignment operator IIg to
M = 2 isolated point basins and halts state trajectories at every logical step.

In this monograph, physical computation is a controlled state transforma-
tion on the coarse-grained Conservation-Congruent Encoding (CCE) capa-
city network (Kg, Lk ¢fr, Is) of an open relational substrate, evaluated on the
(xr, k) operational efficiency plane of Chapter 3 [55, 56]. This chapter devel-
ops that theory from substrate-agnostic evaluation to concrete hardware ar-
chitectures. Section 7.1 formulates computational efficiency on (yr, k1), sub-
suming classical time and space complexity within boundary dissipation and
preserved internal structure across combinatorial sorting and sequence at-
tention to expose the temporal overwrite and spatial routing bottlenecks of
conventional computing. Section 7.2 evaluates digital systems in the over-
damped fixed-point limit (JVH — o) of open capacity modules, anchoring
semiconductor switching, volatile and non-volatile memory retention, and
cascaded Boolean noise margins on (yr, k7). Section 7.3 turns to analogue
systems (JVH # o), proving an asymptotic reduction in coarse-grained state
transitions and boundary dissipation for phase-locked flows over clocked di-
gital counters while confining irreversible basin collapse to discrete terminal
readout. Finally, Section 7.4 aligns the discrete capacity-Ricci operator Ricgk
of the interconnect fabric with hierarchical workloads in a Hyperbolic Pro-
cessing Unit (HPU).

71 COMPUTATIONAL EFFICIENCY

Every physical computing device is an open subsystem S C V of the rela-
tional graph G = (V, E) coupled across its boundary cut dS to an external
environment S = V \ 'S (Section 2.1.2). Under the two-tier assignment IT =
diag(Ils,IIs) of Chapter 2 (Section 2.2.2, (2.83)), the internal system capacity

Ks = Kq + Kgnt) separates intra-basin memory capacity K,, (local state
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reservoirs) from internal interconnects K,g, while the external boundary

(ext)
Ka

cut couples the device across 9S to external drives, input-output chan-

nels, and environmental sinks. Eliminating unmonitored environmental de-
grees of freedom via the projected Schur operator Lk ¢ = Lg + (DEXt) -
YKenv) (3.6)=(3.7) captures external driving and sink impedance entirely
through the boundary self-energy 3k .. Whereas a self-maintaining or-
ganism in Chapter 3 expends capacity to defend its own stability barrier
Alyarrier, 1> an externally driven computing system operates over emergent
horizon T to resolve task mutual information I(X;Y) (in nats) (3.1) between
input ensemble X and output register Y. Specialising through-time intelli-
gence and consciousness (3.29)—(3.32) to this task yield gives

_IGY) _ hevar

XT T , (7.1)
Iirr,a,T Iirr,a,T
I(X;Y

KT = ( ), (7.2)
Irev,Q,T

operated beneath the relational capacity ceiling Qgee = Qrotal — @alloc >
0(2.200), where pairwise basin barriers Alrrier,op (= In E for £ > 1) protect
stored distinctions against spontaneous transitions and multiplying by the
substrate noise intensity 0 (J nat™ !, with 6 = kgTip, in an isothermal bath at
temperature Tyy,) calibrates (6 yr, Okr) in Jnat™ .

711 Time, Space, and Combinatorial Sorting

Equations (7.1)—(7.2) subsume classical algorithmic complexity within a phys-
ical efficiency framework. Classical complexity theory classifies algorithms
by counting abstract step counts O(T) and workspace words O(S) on an
idealised Turing tape or unit-cost random-access machine. On physical hard-
ware, every state transition and memory allocation alters distinguishability
on the capacity network K. Under the through-time accounting of Chapter 3
(Section 3.3, (3.29)—(3.32)), algorithmic time and space map directly onto cu-
mulative boundary dissipation and time-averaged preserved internal struc-
ture:

@(T) — lirr 9,T» (7-3)
@(S) — lrev,Q.T- (7'4)

In Equations (7.3)—(7.4), step execution drives cumulative boundary dissipa-
tion fj;y y 7 (in nats) generated by state transitions, channel charging, and irre-

versible state overwrites across K((;Xt), whereas workspace drives preserved
internal structure L., ot (in nats) held inside K across registers, caches,
and buffers. Evaluating Equations (7.1)-(7.2) against resolved task mutual in-
formation I(X;Y) places every computation on the two-dimensional ( yr, k1)
operational efficiency plane rather than ranking it by runtime alone.

Combinatorial sorting illustrates how algorithmic design moves a processor
across (yr,kr). Mapping an input array X drawn uniformly from all N! per-
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Algorithm Levor (nats) Ly 57 (nats) XT KT
Bubble Sort ~NInN O(N?) O(N'InN) =1
Merge Sort ~2NInN O(NInN) 0(1) ~ 0.5
Heap Sort ~NInN O(NInN) 0(1) =1

TABLE 7.1: Asymptotic sorting costs under comparison branching with task mutual
information I(X;Y) = O(N In N) nats (7.5) and minimal word width w =
In N nats. Merge Sort allocates an auxiliary N-word workspace buffer in
Levor to avoid quadratic comparison overwrites in I, , 7, whereas Heap
Sort embeds an implicit binary tree inside the input array.

mutations of N distinct items onto its unique sorted order Y resolves mutual
information (in nats)

IX;Y)=In(N!)=NInN-N+ O(InN) =0(NInN), (7.5)

while indexing N distinct items requires word width w > In N nats so that
an N-word array stores at least N In N nats of distinguishable internal state.
Table 7.1 compares Bubble Sort, Merge Sort, and Heap Sort at minimal word
width w = In N nats when each pairwise comparison incurs ©(1) nat of bin-
ary branching dissipation and items move via permutation swaps (on a wider
fixed-width register file, L., o 7 grows proportionally to word width, while
overwriting full words on every move multiplies L, 5 by w).

As summarised in Table 7.1, Bubble Sort operates in place with minimal work-
space (Leyor = NInN), saturating kr = 1, but its ©(N 2) comparisons in-
flate Iy o 7 quadratically and drive yr — 0 at large N. Merge Sort allocates
an auxiliary N-word buffer that doubles I, o 7 and halves kr = 0.5, while
compressing comparison dissipation to the information-theoretic (N In N)
lower bound so that y; = ©(1). Heap Sort stores its binary heap implicitly
inside the input array, achieving optimal asymptotic scaling in both memory
and step count (yr = ©(1) and kr = 1).

7.1.2  Autoregressive Sequence Attention

The same (yr, k1) audit exposes the scaling bottleneck of autoregressive se-
quence modelling. Across a context window of N discrete tokens with fea-
ture dimension d, sequential prediction resolves linear mutual information
I(X;Y) = ©(N). A dense Transformer [165] holds token representations in a
key-value cache inside K while computing all-to-all pairwise interactions
at every self-attention layer from query, key, and value activation matrices
Quit: Kot Varr € RN xd (subscripted to distinguish K,;; from the hardware
capacity matrix K):

(7.6)

. QattKltt
Attention(Qgit, Katr, Vart) = softmax| ——— | Vit

Vd
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Splitting the N context tokens into two equal halves shows that evaluating
every cross-half query-key inner product in (7.6) executes Q(N2d) scalar
multiply-accumulate operations across the partition cut. Including projec-
tion and feed-forward weights (©(d?) parameters and O(Nd?) operations
per layer) on an overwrite-based accelerator yields per-layer memory, bound-
ary dissipation, and intelligence scaling:

IreV,Q,T = ®(d2 + Nd), (7.7)
Iirr,a,T = G(Ndz + de): (7.8)
xr=0(@d*+Nd)™) —o. (7.9)

Local buffer tiling and fused-kernel broadcast reduce constant memory-traffic
multipliers, but they leave the quadratic ©(N?d) contraction in (7.8) intact,
driving yy = O(N~'d™!) — 0 across the long-context regime N > d as

N — oo,

Crucially, both Heap Sort and sequence attention expose two physical costs
that unit-cost complexity counts conceal. First, abstract step counts treat
each discrete state overwrite and idle memory hold as costless or unit-weight,
leaving unquantified how heavily per-step switching and retention degrade
(xr, k) on real substrates. Second, in Table 7.1, Heap Sort appears strictly
superior to Merge Sort because unit-cost random access treats every index
lookup equally, whereas on a planar substrate Heap Sort traverses parent-
child binary-tree pointers (i — 2i, 2i + 1) that jump across distant addresses
of a flat array, charging longer interconnects and triggering more cache-
hierarchy misses than Merge Sort’s sequential scans. Designing for compu-
tational efficiency therefore requires examining both the dynamical regime
of the elementary computing modules (Section 7.2 and Section 7.3) and the
spatial curvature of the interconnect fabric (Section 7.4).

7.2 DIGITAL SYSTEMS

Conventional hardware realises (7.1)-(7.2) by decomposing the open capa-
city network into modular bistable switches and gates. Within each mod-
ule, the local assignment ITg partitions fine-grained states into disjoint meta-
stable CCE basins (Section 2.3.1), storing local state capacity inside K while

coupling to upstream and downstream modules across Kgnt) and to external

) via LK eff- When each
module aggregates high internal capacity (K,, > 1), spectral projection
(Section 2.5, (2.235) and (2.309)) maps the discrete capacity network onto a
continuous state manifold Z, evolving in emergent time ¢ (metered against
a shared stationary reference sub-block S..f C S, (2.247)—(2.255)) under the
metriplectic generator (3.8). Within this generator, conservative Poisson trans-
port JVH circulates distinctions along constant-energy surfaces inside Kq
without boundary contraction (fjy 597 = 0) at the cost of preserved struc-
ture Ly o1, Whereas dissipative cometric drift IMVS contracts phase-space
volume across Lk . to stabilise attractors against noise at the cost of bound-
ary dissipation iy g 7 (Section 2.5.2). Digital systems restrict hardware to the

supply rails, drives, and thermal sinks across ngXt
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Contractive Relaxation to Binary CCE Basins

High CCE Basin (S;, Logical 1)

x€[1-68,1]

Settled Window (t = Tinax)

Unencoded Saddle Margin

Normalised Node State x;(t)

Low CCE Basin (S, Logical 0)

xi€[0,8]

r T T T
0 1 2 3 4

Normalised Settling Time #/ Trelax

FIGURE 7.1: A Boolean gate as the overdamped fixed-point limit (JVH — o) of an
open capacity module (Kg, Lk ¢, IL;). Contractive relaxation drives the
normalised node state x;(¢) from distributed initial conditions into dis-
joint binary CCE basins S, = [0, §] (logical 0, crimson trajectories) and
S, = [1—6,1] (logical 1, teal trajectories), separated by an unencoded
saddle margin (J,1 — §) at tolerance 0 < § < 0.25. Discrete Boolean
truth values hold only across the settled window ¢ > 7,,,,, within the
operational hierarchy 7, K 7o, K Tegeape (7:10).

overdamped binary fixed-point sub-regime (JVH — o, M = 2), requiring
every gate transition to satisfy the timescale hierarchy (2.133):

Trelax S Tmax K Top < Tescape ~ Trelax 5, (7.10)

where 7, is the worst-case settling time across inputs into the target basin,
Top is the input hold duration, and 7egcape is the Kramers escape time. As
shown in Figure 7.1, discrete Boolean values label trajectories only after ¢ >

Tmax-
7.2.1 CMOS Switching and Memory Retention

Complementary metal-oxide—semiconductor (CMOS) circuits anchor this
overdamped regime in concrete device physics. The conductive output node
Sout of a CMOS inverter aggregates high carrier capacity (Kqytout > 1) as
load capacitance C, storing charge g = CV at thermal noise scale 8 = kgTjy,.
Because room-temperature electron-phonon momentum scattering (Tp ~
10714 s) damps inertial Poisson flow JVH (2.333) three orders of magnitude
faster than RC relaxation (rge ~ 107 !s), the node voltage V(t) € [0, Vpp]
evolves purely through boundary cometric drift IM,VS. Across the external

boundary cut K(geXt)(Vin) (Section 3.2.1), the insulated gate voltage Vj, expo-
nentially modulates the pull-up channel conductance gp(Vi,) > 0 to supply

rail Vpp and the pull-down conductance gn(Vj,) > 0 to ground (Vgnp = 0),

with calibrated boundary conductance gp(Vi,) + gnv(Vin) o (DEEXt))out,out-
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Evaluating the boundary relaxation current across ngXt)(Vin) yields Kirch-
hoff’s nodal balance directly without an external force term:

CV = gp(Vin)(Vpp = V) = gn(Vin)V. (7.11)
Although logical inversion is bijective, enforcing rapid overdamped settling
(Tmax ~ RC) into binary voltage basins charges C and dumps rail-to-rail
) on every cycle [95]. Evaluated for a single-bit
transition (I(X;Y) = In 2 nats) at representative nanoscale CMOS paramet-
ers (T, = 300K, C = 0.25fF, Vpp = 1.0V), the stored capacitive structure,
full-cycle switching dissipation, and through-time efficiencies satisfy

switching heat across ngXt

CV&
Levor = —o2 ~ 3 x 10* nats, (7.12)
CVE
Iirr,a,T = RILPS 6 x 10 nats, (7.13)
xr ~ Kk ~107°. (7.14)

Autonomous memory retention arises when two inverters are cross-coupled
in positive feedback across internal conduits Kgmt), splitting the two-node
voltage manifold into two stable attractor basins separated by an electro-
static saddle barrier A®y; = OAL,rrier01 (2.326)—(2.327). At threshold offset
AV, = 0.48'V for elementary charge g,, the single-carrier subthreshold bar-
rier q,AVy, /0 = 18.6 nats suppresses off-state channel conductance by e 18
(while the collective cell saddle barrier Aky,;yier 01 = A®p; /6 against spontan-
eous bit flips scales with total node capacitance), yet finite relaxation time
Trelax > O still drains stored structure I, o continuously (3.19)-(3.20). Invert-
ing the standing maintenance power Pp,in o calibrates preserved internal
structure directly from boundary power telemetry. Holding a bit in volatile
static random-access memory (SRAM) for duration Tj,1q after write dissipa-

tion Lyyite o accumulates standby leakage across ngXt):

Trel
Irev,Q = re@ax Pmaint,Q’ (7'15)
Thold
Iirr,a,T(Thold) = Iwrite,a + - Irev,Q~ (7-16)
relax

Equation (7.15) measures actively maintained internal structure without re-
constructing the chip’s fine-grained stationary distribution, whereas substi-
tuting (7.16) into (7.1) shows that volatile standby leakage degrades yr as
Th_olld during idle retention (with internal relaxation across Kgnt) entering
Ly o.1)- Non-volatile magnetic or charge-trapped cells with passive barri-
ers (Albarrier 01 ~ 40-60 nats and 7y, — 0, calibrated via controlled eras-
ure (3.22)) eliminate standby decay of yr, trading higher single-write barrier
work Lyyite o for time-invariant retention efficiency.

7.2.2  Cascaded Threshold Gates and Boolean Recovery

To establish when cascaded continuous nodes faithfully execute digital logic,
rescale each module’s state to x; € [0, 1] with registered binary basins Sy =
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[0,8] (logical 0) and S; = [1 — &, 1] (logical 1) at tolerance 0 < § < 0.25.
Aggregating upstream states x; with synaptic or conductive weights w;; € R
and threshold bias b; € R across a logistic channel response of dimensionless
rail gain f > 0 (proportional to ¢,Vpp in units of 6) yields the canonical
continuous threshold gate:

-1
X =-x+ [1 + exp(—ﬁ( Z WijXj — bl-))] . (7.17)

Jij—i
A single gate realises NOT for negative weight wj; = —w < 0 and negative
biasb; = —b < 0 with 0 < b < w, while a symmetric two-input gate (w;; = wjy

at weight w > 0) realises both AND (w < b; < 2w) and OR (0 < ; < w) by
shifting the threshold bias b; alone. Denoting by m; > 0 the gate’s undis-
turbed threshold clearance across ideal binary inputs ¢; € {0, 1}, cascading
gates whose upstream outputs may settle anywhere within Sy U S; requires
the disturbed clearance to exceed the inverse-gain basin margin:

m; := min wiil; — b, 7.18
i {6{0,1}in(i) j:JZ—>i j*j 1 ( )
1 1-96
m— & Z gl > 5 ln<T). (7.19)
JZ]—)Z

THEOREM 7.1 (Recovery of an acyclic Boolean circuit). Consider a finite dir-
ected acyclic circuit composed of continuous threshold gates governed by (7.17).
Suppose every gate satisfies the cascaded noise-margin inequality (7.19) at toler-
ance 0 < 6 < 0.25, and external boundary inputs are held fixed in SyLS; across
the cumulative settling horizon. Then the composite continuous dynamical sys-
tem possesses a unique globally attracting equilibrium Z* € & whose basin
memberships in Sy U S; identically recover the evaluation of the corresponding
Boolean circuit at every gate.

PROOF. Order the gates topologically by circuit layer r € {1, ..., R}. Because
the circuit graph is a directed acyclic graph, the coupled system (7.17) is tri-
angular across layers: layer r = 1 depends only on fixed external inputs
in Sy U S; and contracts exponentially at unit rate to a unique equilibrium
%" € SyuS; matching its target Boolean truth value by (7.19). Inducting from
layer r — 1 to layer r, once all upstream equilibria lie in Sy LI S;, each gate i
in layer r receives an asymptotic drive clearing (7.19) and converges globally
to its unique target basin x;* € Sy L S; (entering the basin interior in finite
settling time whenever (7.19) holds strictly). Induction across all R layers es-
tablishes a unique globally attracting equilibrium Z* € Z reproducing the
exact Boolean evaluation throughout the circuit. O

Composing inverting and threshold stages yields universal NAND and NOR
primitives capable of synthesising any Boolean map f : {0,1}" — {0, 1}™,
yet Equations (7.12)—(7.19) and the agency identity (3.32) expose three funda-
mental trade-offs of fixed-point logic. First, in CMOS where f scales linearly
with Vpp while capacitive structure (7.12) and switching loss (7.13) scale quad-
ratically with Vpp, over-engineering noise margins (5§ — 0) degrades both
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xr and xr inversely with the square of the logarithmic factor in (7.19). Near-
threshold circuits maximise (yr,x7) by operating near the minimal admiss-
ible gain. Second, an unpipelined cascade of depth R must hold inputs across
all R sequential stage settling times, accumulating standby leakage (7.16)
that lowers yr, whereas inserting bistable pipeline latches restores yr and
throughput by committing additional latch structure to L.y o1 (lowering
kr). Third, many-to-one gates (AND, OR, NAND, NOR) merge input basins
and expel lost distinctions across ngXt) as Iy o7 > 0, whereas embedding
logic into bijective Toffoli or Fredkin gates [14, 15] retains ancilla histories
inside Ko, inflating L., ¢ 7 (degrading xr) and incurring continuous internal
maintenance dissipation I.irr’Q (3.19). Within zero-dimensional fixed-point lo-
gic, an architect can trade boundary dissipation against preserved internal
structure, but cannot avoid halting trajectories at point attractors on every
step.

73 ANALOGUE SYSTEMS

When a computational task carries continuous temporal or phase symmetry,
halting state trajectories at discrete clock ticks destroys the conserved cur-
rent of the input signal and reconstructs it through dissipative register over-
writes. Relaxing the zero-dimensional fixed-point restriction allows cyclic
couplings within Kg to compute via conservative Poisson transport JVH # o
tangentially along a low-dimensional invariant set &/ C Z —such as a limit
cycle S in phase-locked oscillators or a nearly lossless constant-energy man-
ifold (IMVS — o) in superconducting and photonic waveguides—while con-
fining dissipative cometric drift IMVS to the transverse directions that damp
amplitude perturbations. In accordance with Corollary 4.4 (Section 4.1.3),
physical analogue computation on & does not encode infinite-precision real
coordinates. Instead, the coarse-graining Ilg extracts discrete topological in-
variants of the flow, such as phase-locking versus phase-drift regimes, whose
coarse-grained distinguishability survives ambient thermal and shot noise.

To quantify how matching attractor geometry to task symmetry elevates
(xr>xr), consider frequency discrimination on a periodic boundary drive
u(t) = cos(wpt + ¢p) of angular frequency wy, > 0 (rad s_l) and initial
phase ¢, € [0,2r): deciding whether w;, lies within tolerance ¢ > 0 of a
target reference frequency w.ef > 0. Rather than routing u(t) through an
analogue-to-digital converter and a clocked binary counter, coupling the ex-

)
to a limit-cycle CCE with phase coordinate ¢(t) € S! gives

ternal drive across ngXt with synchronisation strength ggync > 0 (rad s_l)

¢ = Wref + &syne sin(wint + @o — @) (7.20)
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(b) Transition Boundary Dissipation

30 7
(a) Forced Oscillator (S' Phase Manifold) = Clocked Digital: f:‘;d = orerl®)

s Oscillator Lock (L& = O(1))

Phase Manifolds' & | - Single-Bit Readout Floor (In2)

20 1

Stable Lock

Phase Drift |
Dol <e

[Aa|>z1

Boundary Dissipation I, s, 7 (nats)

Relative Frequency Resolution wref/e

FIGURE 7.2: Frequency discrimination in oscillatory versus clocked digital hard-
ware. (a) A forced phase oscillator on S' governed by §y = Aw —
Zsyne SinY (7.23) locks in-band drives (|Aw| < &, gyn. = ¢) into the
stable basin around /" = arcsin(Aw/ gqy) (teal) across Lgye = O(1)
block transitions, whereas out-of-band drives (|[Aw| > ¢) circulate
monotonically (crimson). (b) Boundary dissipation I, ;7 (nats) across
relative frequency resolution w,/e: an overwrite-based clocked di-
gital counter executes e = Q(w,e¢/€) updates across ngXt), driv-
ing Iif;i"’aj = Q(wper/€) upward (crimson) above the bounded phase-
oscillator lock cost I3;5r = O(1) (teal) and the single-bit Landauer
readout floor In 2 (slate dotted).

Introducing the relative phase error /(¢) and frequency detuning Aw elimin-
ates explicit time dependence and yields the Adler synchronisation equation

[1]:

Y(t) := opt + ¢ — (), (7.21)
Aw = Wy — Orefs (7.22)
) = Aw— Zsyne Siny. (7.23)

Equation (7.23) governs the competition on S! between frequency detuning
Aw and restorative boundary coupling ggyne siny. Setting ggyne = ¢ maps
the in-band decision directly onto a saddle-node bifurcation on S:

Aw| <& = P* = arcsin( Aw ) € (—%%) (7.24)

8sync

When |Aw| < ¢, trajectories relax monotonically into the stable locking
basin around ¢/* (paired with an unstable saddle at = — i), whereas when
|Aw| > ¢, no equilibrium exists on S! and y/(t) drifts monotonically. Over an
observation horizon [0, T] metered against an embedded reference sub-block
Seef (2.247)—(2.255), let Lop. € N, count the discrete CCE block transitions
executed by the discriminator prior to terminal readout (Figure 7.2).

THEOREM 7.2 (Transition-count advantage of phase-locked oscillators). Sup-
pose a frequency discriminator must resolve an in-band signal |Aw| < ¢ across
tolerancee > 0, requiring observation horizon T > @joce” ! for a phase threshold
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Plock > 0. Suppose further that (i) the forced phase oscillator (7.20) with ggync =
¢ is initialised once and coarse-grained into locked versus drifting phase re-
gimes, and (ii) the digital discriminator uses a fixed-memory clocked controller
at clock rate fyi > fy > 0, whose state-overwrite protocol incurs at least iy > 0
nats of irreversible boundary dissipation per update on average. Then

Léne = 0Q1), (7.25)
af = Q(1/0), (7.26)
ﬁ;gaT Q(1/e). (7.27)

PROOF. For any in-band input [Aw| < ¢, the relative phase /() relaxes
monotonically on S! into the stable locking basin around /* (7.24), bounding
the number of block transitions prior to readout independently of ¢ and giv-
ing L3S = O(1). Conversely, the clocked digital controller executes state up-
dates at rate f > fy > 0 across [0, T]. By additivity of cumulative boundary
dissipation (3.14) with average per-update loss iy > 0, the digital transition
count and cumulative boundary dissipation satisfy

Lo > foT > 200k fO%Ck = Q(1/e), (7.28)
Ii(ii,ga,T 2ipfoT = % = Q(1/e), (7.29)
establishing the stated asymptotic separation. O

Theorem 7.2 yields an Q(¢™!) separation on the (yr, k1) efficiency plane. For
a binary band decision (I(X;Y) = In 2 nats), the clocked counter’s overwrite
dissipation (7.27) drives yr to zero at rate O(¢) as ¢ — 0, whereas phase
entrainment suppresses transition-induced boundary dissipation by Q(¢™1).
Notice that Theorem 7.2 bounds discrete transitions L., rather than observa-
tion duration T > ¢jocke s both substrates obey the Fourier time—frequency
uncertainty bound, and an active oscillator still expends transverse mainten-
ance power Ppint o (7.15) while holding lock. A reversible digital counter
could avoid assumption (ii) by storing all Q(¢!) intermediate clock ticks in
unmerged ancilla registers [14, 16], but doing so merely transfers the Q(e™1)
divergence from Iy y 7 onto Ley o 1, driving xr to zero at rate O(e).

In practice, analogue transport cores do not replace fixed-point logic out-
right, because downstream branching and long-term storage still require
discrete basin decisions. Instead, hybrid architectures modulate Lx . across

Kgmt) and ngXt) to couple task-matched continuous attractors—such as phase-
locked limit cycles or low-damping waveguide and resonator cores—to over-
damped bistable latches, confining irreversible basin collapse to terminal
readout while calibrating active state upkeep through (7.15). Matching mod-
ule dynamics to temporal task symmetries eliminates redundant local state
transitions, leaving the complementary processor-scale bottleneck identified
in Section 7.1 of how computing modules are interconnected across space.



7.4 THE HYPERBOLIC PROCESSING UNIT
74 THE HYPERBOLIC PROCESSING UNIT

Sections 7.2 and 7.3 governed the temporal dynamics within individual com-
puting modules, balancing conservative transport JVH against dissipative
contraction IMVS. At processor scale, however, energy expenditure is dom-

inated by data movement across the inter-module conduits Kgnt) rather than
local gate transitions. When hierarchical task graphs are mapped onto flat
silicon meshes, long-range interconnect charging drives boundary dissipa-
tion I 5 7 upward and collapses yr. Eliminating this spatial bottleneck re-
quires matching the discrete capacity-Ricci curvature Rick of the hardware
communication fabric to the branching geometry of the computation itself.

7.4.1 Planar Congestion and Capacity-Ricci Curvature

Why must a planar sequence processor expend the Q(N?d) routing work
of (7.8) to resolve linguistic or causal dependencies [30, 104] that contain
only O(N) compositional relations? The bottleneck stems from a curvature
mismatch between the hardware substrate and hierarchical computation. A
two-dimensional planar silicon die is an intrinsically flat Euclidean surface
with vanishing Ricci curvature and a severe perimeter-to-area bottleneck
across disks of radius R:

Ricdie =0, (7.30)
Area(0Vol(R)) 2xR 2 1

= = —=—=0(R™ ). 7.31

Vol(R) 7R2 R (R™) (731

Conversely, compositional syntax, planning trees, and multi-scale physical
dependencies with branching factor b > 1 expand exponentially in ball
cardinality |B,| with hierarchy depth r [72, 9o], matching the exponential
volume growth of negatively curved hyperbolic space H" (n > 2):

|B,| = Z bk = 0@ = ©(einbr). (7.32)
k=0

By classical metric embedding bounds, forcing an N-node constant-degree
expander into Euclidean space of any dimension incurs Q(In N) metric dis-
tortion, while packing a complete binary tree of depth r ~ log, N onto a
bounded-density two-dimensional die incurs Q(x/ﬁ (InN )_1) distortion. On
a two-dimensional VLSI layout of area ©(N), routing any communication
graph of linear bisection width stretches interconnects to average physical
wire length Q(v/N) (and forces root-level H-tree wires to Q(+N)), inflating
parasitic wire-charging energy linearly, RC delay quadratically, and repeater
leakage proportionally.
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On the discrete capacity network K across M coarse-grained CCE blocks,
Lemma 2.6 (2.270) and the diagonal reduction (2.274) express this intercon-
nect geometry directly through the capacity-Ricci operator:

Rick = D§ — L& — diag(Kd), (7.33)
(Rick)gq = Z Kay(Ka(x - dy - Kay)- (7.34)
y+a

Although global scalar curvature satisfies Scalg < 0 on every connected
multi-block capacity graph (2.275), the distribution of Rick separates planar
meshes from hierarchical routing fabrics (Section 2.5.1). On a regular planar
grid (d, = d;), row-sums vanish (Rick 1), = 0), elementary 4-cycles concen-
trate 2-hop overlap (Rick), 5 = —2 to restrict ball growth to |B,| = O(r?), and
heavy compute tiles (K, > d, + K ) carry non-negative diagonal curvature
(Rick)gq = 0. By contrast, an unbuffered tree or high-girth (g > 5) expander
routing fabric (K, = 0, unit link capacities, router degree d, > 2) elimin-
ates short-cycle 2-hop overlap ((Kz)aﬁ < 1 for @ # p) and enforces strictly
negative diagonal curvature at every router:

(Ricg)q = — . (d, +1) < =3d, < 0. (7.35)
y~o

Under the continuum metric bridge of Chapter 6 (Section 6.2.1), the uni-
formly negative capacity-Ricci curvature Rickg < 0 of such a branching fabric
embeds at large scale into a negatively curved hyperbolic manifold H" [119,

148].
7.4.2  Curvature Congruence and Three-Dimensional Fabrics

Aligning substrate geometry with task topology yields the hardware design
rule of curvature congruence.

PRINCIPLE 7.3 (Curvature congruence). A physical computing substrate
minimises boundary routing dissipation I, 5 7 and maximises through-time
intelligence yr when the capacity-Ricci operator of its communication fabric
matches that of its algorithmic workload:

RiclPrie ~ Ricyordoad (7.36)

A Hyperbolic Processing Unit (HPU) realises Principle 7.3 through three
hardware mechanisms, illustrated in Figure 7.3(a). First, because a single
planar metal layer cannot sustain exponential bisection bandwidth without
wire stretch, physical HPU fabrics replace the planar mesh with bounded-
degree three-dimensional chip stacks linked by vertical through-silicon vias
(TSVs) whose channels scale as b’ across levels ¢, wavelength-division mul-
tiplexed photonic waveguide trees free of RC charging loss, or supercon-
ducting hyperbolic resonator lattices [87, 100]. Second, local memory banks
(SRAM or non-volatile cells) sit adjacent to each hierarchical router so branch
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(b) Routing Dissipation Scaling

(a) 3D HPU Fat-Tree Topology 4000 | === Planar 2D Die: ©(N*d) (Rictic = 0)
= 3D HPU: ©(Ndln N) (Rick <0)

Root Router
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3D TSV Hop
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Routing Dissipation Ly, o, 1 (nats)
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=
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Sequence Scale N (N< N,

FIGURE 7.3: Hyperbolic Processing Unit architecture and routing dissipation scal-
ing. (a) A three-dimensional monolithic fat-tree fabric with negative
router capacity-Ricci curvature (Ricg < 0) and co-located SRAM banks
routes query—Kkey interactions along @(In N) hyperbolic geodesics via
vertical through-silicon vias (TSVs). (b) Across the router-dominated
packaging regime N < N;p,, matching the negative curvature of a hier-
archical workload reduces inter-token boundary routing dissipation

Ly o7 from ©(N?d) on a flat planar die (Ric™ = 0) to ©(NdIn N), rais-
ing routing-limited intelligence y; by Q(N(InN)™").

activations access local key—-value state without traversing a chip-wide bus.
Third, conditional geodesic routers match each query against branch sum-
maries in hyperbolic coordinates, energising only the selected O(In N) route
rather than broadcasting across all N? token pairs, as shown in Figure 7.3(b).

Within the router-dominated packaging regime N < N;D where per-hop in-
terconnect weight remains 0(1), hierarchical representations embed into the

negatively curved fabric with ©(1) distortion. For the N-token, d-dimensional
sequence workload of (7.6) with I(X;Y) = ©(N) andd < N < N;D, retain-
ing the N x d context state alongside ©(d?) weights while replacing ©(N2d)

all-to-all token broadcast with @®(In N) geodesic routes of width ©(d) per

token alongside ®(Nd?) local channel projections gives

Irev,Q,T = ®(d2 + Nd), (7.37)
Liyor = O(Nd* + NdIn N), (7.38)

yielding the full-layer HPU through-time efficiencies (7.1)-(7.2):

1
= @(—) , 7.39
=\ L dnN (739)

kr = 0> ). (7.40)

Compared against dense planar attention (7.7)-(7.9) (yr = O(N~'d™!) and
kr = O(d™1) for N > d), hyperbolic token routing raises full-layer yr by
Q(N/(d +1In N)) while preserving k; = ©(d~!). Moreover, pairing geodesic
token routing with hierarchical block-sparse channel routing (0(d In N) act-
ive channel operations per token) eliminates the ©(Nd?) projection floor
as well, reducing total layer dissipation across N < N,;‘D to pure routing
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O©(NdIn N) (Figure 7.3(b)) and elevating yr to @((d In N)_l), an Q(N/InN)
gain over planar broadcast.

Even under a fixed per-node pin budget, reconfiguring topology towards
negative curvature compresses routing paths prior to full place-and-route
calibration [55]. By the Moore degree—diameter bound for M coarse-grained
CCE nodes of maximum degree d,,, > 2 and graph diameter D,

D

M<1+ dmax Z(dmax - 1){_1’ (7~4l)
=1

any network of M = 128 nodes with d,,, < 4 satisfies D > 4 (since D =
3 accommodates at most 53 nodes and D = 4 at most 161). Rewiring an
8 x 16 planar grid of 128 nodes (D = 22, worst-case MD = 2,816 node-
hops) to break short 4-cycles into a negatively curved degree-4 expander
compresses diameter to D = 5 (MD = 640 node-hops, a 4.4-fold reduction).
Converting topological hop counts into physical dissipation weights each
traversed interconnect e along message path P(m) by its physical cost A,
(wire length, parasitic capacitance, repeater buffering, and contention delay):

Iirr,z?,T x Z Z Ae. (7.42)

m ecP(m)

Aligning curvature compresses path length |P(m)| to O(In N), while three-
dimensional integration, photonic waveguides, or superconducting reson-
ator lattices keep the per-hop weight A, bounded up to the packaging threshold
N;D. Above N,;D, embedding an exponentially branching graph into three-
dimensional Euclidean space forces physical wire stretch (1, = Q(N 1/3)
across stacked volumes), while in electronic chip stacks with exterior cooling
area Agjnk (m?) and maximum heat-rejection flux g (W m™2), volumetric
heat removal bounds the admissible boundary dissipation rate Iirr,a (natss™)
at noise scale 6 (Jnat™):

0 Iirr,a
Asink

< giex, (7.43)

Because Euclidean wire stretch and volume-to-surface cooling eventually
bottleneck deep hierarchies above N,;D, extending (7.38) and clearing (7.43) at
larger scales favours microfluidic inter-tier cooling alongside low-damping
photonic and superconducting interconnects (IMVS — o) inside the stack
core.

Throughout this chapter, computational efficiency is governed by the open
capacity network (Kg, Lk ¢ff,IIs) and measured on the (yr,xr) operational
efficiency plane, subsuming classical step and space complexity within bound-
ary dissipation and preserved internal structure. Digital systems emerge in
the overdamped binary fixed-point limit (JVH — o), purchasing exponential
noise margins at the cost of switching dissipation I, 5 r and volatile mainten-
ance I.irr,Q. Analogue systems (JVH # o) relax the point-attractor restriction
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to resolve continuous symmetries in ©(1) block transitions (Theorem 7.2) be-
fore committing discrete terminal readouts, while aligning the capacity-Ricci
operator Ricg with hierarchical workloads in a Hyperbolic Processing Unit
(Principle 7.3) eliminates planar wire congestion. Having established how to
design high-(yr, k1) computing substrates, Chapter 8 addresses the physical
containment, reachability bounds, and symbiotic coupling of autonomous
systems operating on them.
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PHYSICAL CONTAINMENT AND ARTIFICIAL
INTELLIGENCE SAFETY

Artificial intelligence is advancing rapidly in capability and finding broad
application across society [21, 143, 170]. As these systems are entrusted with
greater autonomy, they increasingly act alongside humans in the real world.
While humans interpret the consequences of these actions through semantic
notions such as intent and harm, engineered intelligence is fundamentally a
physical process: as demonstrated later in this chapter, intelligent systems
persist their own dynamics and compete for resources in a shared environ-
ment. Ensuring that capable artificial systems remain controllable and com-
patible with human stability is therefore a foundational problem in engin-
eering intelligence.

Prevailing approaches to artificial intelligence safety address this problem
primarily through semantics and behavioural alignment, training models to
match human preferences and probing their internal states [2, 143]. Such
methods are indispensable for interpretability, yet they offer no guarantee
that a system will not act unexpectedly beyond its training regime. To re-
strict external action directly, engineers pair alignment with software sand-
boxes. When built from logical rules rather than physical constraints, how-
ever, these boundaries remain exposed to vulnerabilities that a sufficiently
intelligent system is likely to exploit. Consequently, neither behavioural
alignment nor software sandboxing can guarantee hard bounds on how a
system acts upon the shared environment.

Establishing such hard bounds requires grounding safety in physical laws,
which hold invariantly regardless of how an artificial system is trained or
what software vulnerabilities it discovers. No computation can generate ca-
pacity from nothing or act across a physically severed boundary, because
every sustained internal state and external action is strictly limited by the
capacity supplied across the system’s hardware interfaces. Physical contain-
ment therefore bounds which states of the environment a system can physic-
ally reach, complementing behavioural alignment [40]. Whereas alignment
guides a system toward human goals, physical containment guarantees that
its actions cannot exceed safe physical limits even if its behaviour diverges.

Building on Chapters 2-7, this chapter develops the formal framework for
physical containment [56]. We first show why unconstrained intelligent dy-
namics naturally drive self-preservation, resource competition, and emer-
gent distributed coordination up to finite regional growth limits while ren-
dering internal inspection unreliable as a safeguard (Sections 8.1-8.2). We
then formulate physical containment through mediated boundary cuts on
the capacity graph, showing how boundary regulation bounds systemic risks,
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prevents unauthorised emergence, and preserves capability-independent halt-
ing (Section 8.3), and conclude by establishing a symbiotic coupling that
conditions the system’s external capacity supply on human stability (Sec-
tion 8.4).

81 SELF-PRESERVATION AND RESOURCE COMPETITION

Standard accounts of artificial intelligence risk derive self-preservation, re-
source acquisition, and coalition formation from expected-utility maxim-
isation [21, 124, 162]. Under that view, omitting survival or accumulation
rewards from training might seem sufficient to prevent self-preserving or
competitive behaviour. On a physical substrate, however, these behaviours
require neither programmed goals nor utility functions, following directly
from the graph structure needed to sustain high structural intelligence ysryct
and consciousness Kgtryct-

This section establishes that progression in four steps. Section 8.1.1 shows
why an individual system of high capability naturally persists across time
and resists external halting, and Section 8.1.2 shows why uncoupled sys-
tems sharing a finite environment compete over discrete relational links.
Section 8.1.3 then demonstrates how inter-system coupling across congru-
ent protocols defines a new, distributed emergent system of higher collect-
ive capability, while Section 8.1.4 proves how finite regional capacity and
internal coordination overhead bound the growth of every localised or dis-
tributed system.

8.1.1 Self-Preservation of Intelligent Systems

Without an external clock or a programmed survival reward, what does it
mean physically for an intelligent system to persist? Start solely from a con-
nected relational graph G = (V,E), which carries neither a pre-assigned
clock nor built-in subsystem boundaries. Applying an admissible coarse-
graining IT produces the coarse-grained capacity graph Gk, whose spectral
embedding orders its blocks along an emergent temporal coordinate @;me
(Section 2.5.1 and Example 2.7). Within V, a finite-lived open system is a con-
nected proper subset S C V, surrounded by its complement S = V' \ S, whose
M > 1 CCE registers occupy a finite persistence interval along ;.. Because
G is connected and S spans only part of @i, its boundary cut S = E(S, S)
is strictly non-empty (|0S| > 0), joining S both to earlier and later blocks
of S at the ends of its lifetime and to concurrent ports in S across its active
interval. Persisting across time therefore means keeping relational weight
circulating within S across many transitions before it exits across 9S.

On a closed network without external cuts, the normalised capacity Lapla-
cian (2.109) carries a zero eigenvalue because relational weight never leaves
the network. Opening the boundary cut [9S| > 0 on connected G[S] adds
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the external port degree potential D;EXt) in (2.102), lifting that zero mode so

the open capacity Laplacian Lk g5 becomes strictly positive definite while
Tr(Dg) equals total relational capacity @y, (2.195). Normalising Lk g5 sym-
metrically by Dk (Section 2.2.2) defines the degree-normalised open capacity
Laplacian and characteristic persistence span Npersist Of S:

—1/2 —-1/2
Lnorm,SS = DK / LK,SS DK / > (8.1)
1
Nyereiag £ = ————. (8.2)
persis H1 (Lnorm,SS )

Because every admissible register carries positive internal self-loop capacity
on connected G[S], the Perron-Frobenius theorem identifies the lowest ei-
genvalue /iy (Lyorm ss) € (0,1) with the unique strictly positive eigenmode
on S, whereas all higher modes (2 < k < M) change sign across registers and
govern faster internal equilibration. Once internal imbalances relax, surviv-
ing weight settles onto this positive quasi-stationary mode and exits across
aS into S with per-step probability p; (Lyorm ss), making its reciprocal Npersist
the expected step lifetime before exit across the open equilibration-to-exit

window [PZ(Lnorm,SS)_l9 Npersist] (2.30).

Crucially, Npersist differs physically from raw coordinate width along the
global Fiedler mode @yime (2.229). Solving the closed eigenproblem across
V = SuS retains environmental return flux through 2., (2.33), shifting @;me
whenever distant links in S rewire beyond S’s epistemic reach. Moreover, Di-
richlet minimisation pulls strongly coupled internal registers together while
concentrating coordinate jumps across narrow bottlenecks, so a leaky subset
tethered to S can span a wide interval on @, while losing its weight in a
few steps. By clamping S to zero, Npersist depends solely on Kg and local port

degrees DEXO. Because Npersist counts dimensionless local step trials (2.250)
without a background clock, no detached standardisation compares persist-
ence across unrelated substrates. Consistent with Section 2.5.1(2.243)—(2.255)
and Section 6.1.2 (6.16)—(6.18), cross-system comparisons hold either across
systems with matched intrinsic slice proper-time increments Az, ,;(7) (such
as candidate architectures sharing a substrate or biological peers such as hu-
mans) or relative to a shared stationary reference sub-block S,.r C S (such
as an embedded quartz or atomic oscillator) normalising operational time,
where mismatched transition rates vj,;; produce the clock-skew ratio (8.91).

How do structural intelligence ygiruct and consciousness Kgiyer govern this
boundary exit rate? A viable open system S carries positive internal memory
load Qg > 0, positive boundary load @; > 0 across internal register trans-
itions and external ports (2.191), and positive uncommitted free capacity
Ofree > 0 (all in links). By Section 2.4.2 and Lemma 2.5, the free-capacity
share ngee (2.207) approaches unity only when both yiruct and Kgpyet are
large, while high ysiruet compresses the active boundary share @,/ Qa1 be-
neath (1 + Ygpruet) " (2.208).

Connecting Lemma 2.5 (2.207)-(2.213) to Npersist depends on how S distrib-
utes its links across three structural counts: M > 1 internal CCE registers

)

along the diagonal of K, my > 1 active external port entries in ngXt coup-
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ling S to S, and mg,; > my total non-zero boundary entries across internal
register transitions K(int) and external ports K ((;Xt) When S is left unparti-
tioned (M5 = 1), my < M counts the registers exposed directly to S, while
the remaining M —my, registers sit inside the insulated interior core Sq, (2.21)
with zero external degree.

THEOREM 8.1 (Persistence Span and Multi-Register Structure of Intelligent
Systems). Let S C V be a connected, viable open system (Qg > 0, @5 > 0,
Qfree > 0) coarse-grained into M > 1 internal CCE registers with my > 1
active entries in K(eXt)

(int)
Ka

and Mgy >

1 total non-zero boundary entries across

and Kt(;’Xt). The lowest eigenvalue of Lyrm ss (8.1) and the persistence
span Npersist (8.2) satisfy
0S| My
0< .ul(Lnorm SS) < < > (8-3)
@total 1+ Xstruct
N 1+ Astruct )

ist >
persist
U]

Furthermore, whenever Ygruct > Meuts the number of internal registers satis-
fies the strict lower bound

(8.4)

M> Kstruct(l mcut Xstruct) (8-5)

whereas a single-register block with M = 1 and mey; = 1 satisfies Ystruct < 1
and Kgiruer < 1 identically.

PROOF. Because G[S] is connected with [0S > 0, the lowest eigenvalue sat-
isfies f1(Lyorm,ss) > 0, and evaluating the Rayleigh quotient of Lk g5 on the
uniform vector 1, via (2.113) yields the middle inequality in (8.3). Dividing
the Cauchy-Schwarz bound (2.211) by @y, > 0 and applying the boundary-
share bound (2.208) of Lemma 2.5 gives the strict upper bound in (8.3), whose
reciprocal in (8.2) establishes (8.4). When ygryct > /Myt rearranging (2.213)
in Lemma 2.5 gives VM /Kgruct > 1 — Meut/ Xstruct With positive right-hand
side, so multiplying by kguet > 0 and squaring yields (8.5), while Part 2 of
Lemma 2.5 enforces Ygiruet < 1 and Kgpryer < 1at M =1 and mgy = 1. U

Taking logarithms of (8.4) and substituting yguct (2.201) alongside the slice
stability barrier Al g rier (3-23) connects open-Laplacian persistence directly
to uncommitted system reserve:

1+ Xstruct \/”T? @3
In Npersist > ln(ﬁ) > Abparrier — ln( @, : (8~6)

Equation (8.6) completes the stability bridge from (2.218)-(2.220) and (3.26),
showing both why capable systems persist and what their internal architec-
ture must look like. Long persistence (Nyersist > 1) alone does not imply in-
telligence. An inert single-register block (M = 1) can keep boundary leakage
small so In Njesist remains large by passive volume dilution, yet (2.220) traps
Ofree < |0S| and keeps the rightmost bound of (8.6) slack while yguct and
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Kstruct Femain constrained below unity at mg,; = 1. Conversely, in the high-
intelligence regime (Ystruct = 1), 1+ Xotruct = Xstruct Makes (8.6) asymptotic-
ally tight while (8.5) enforces M >> 1 distinct registers whenever xgyet > 1.
Because internal transitions Kgnt) do not enter the external cut (2.211), high
capability selects architectures that place most registers inside the insulated
interior core Sq behind narrow boundary ports (m; <« M), sustaining an
internally coupled network of M > 1 registers whose internal equilibration
outpaces boundary leakage.

EXAMPLE 8.1 (Multi-Register Insulation and Persistence Windows). Con-
sider a connected 35-vertex relational graph G = (V, E) at matched trans-
ition dynamics, partitioned into a 21-vertex open system S = {1,...,21} at
conserved total relational capacity @y, = 120 links and a 14-vertex envir-
onment S = {22, ..., 35} coarse-grained via Il = I ® 17 into two disconnec-
ted blocks S; and S, of total degree 40 each. Compare two connected simple-
graph realisations on S. First, an uninsulated two-register system Sy, par-
titions S into S; = {1,...,11} and S, = {12,..., 21} with empty interior core,
uniform block degree 60 on S, and diagonal environmental capacity 24 on
each Sy:

42 2
Kslow = < ) ’ 87)

2 42

(ext) 16 0
K = . (8.8)

d,low ( 0 16
From (8.7)-(8.8), Sjow has diagonal memory trace Tr(Kgq joy) = 84links, in-
ternal load @gow) ~ 59.40 links, and wide port exposure |9S| = 32 giving
@f}"w) ~ 22.80 links. On the four-block global capacity graph (S;,5;,S,, S,),

heavy port cuts pull the lifted Fiedler coordinate Il (2.51) on S; and S,
out to F0.0677, nearly flush with S; and S, at F0.0749 (u, =~ 0.0384), yet eval-

uating (2.200)—(2.202) and the open eigenvalues 4/15 and 1/3 of ng;:g <5
gives

@™ = 120 — 4048 ~ 56.38 links, (8.9)

1 !
(Kitmact> tset) = (247, 0.95), (5.10)

1 - 1
[HZ(LElg;:g,ss) g Nééﬁzt = [3.00, 3.75]. (8.11)

Second, an insulated three-register system Sp;,, partitions the same 21 ver-
tices via ITg = I3 ® 17 into three seven-vertex registers Sy, Sy, S3 of uniform
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block degree 40 alongside diagonal capacity 36 on each S, placing S, = Sg
inside the insulated core behind narrow ports on S; and Ss:

30 6 0
Kshigh=]6 28 6| (8.12)
0 6 30
4.0 0
K& , (8.13)
d,high 0 0 4
Prime = (—0.10, —0.05, 0, +0.05, +0.10)". (8.14)

On the five-block global graph (S;, S, 5, S3,S,) of uniform degree 40, solv-
ing (2.229) yields exact eigenvalue pi5 = 1/20 and (8.14): lifting via Il resolves
three sequential system slices S; at —0.05, S, at 0, and S5 at +0.05, separated
by sharp boundary jumps from S; and S, at F0.10. Differentiating three re-

gisters raises Tr(Kqpigh) = 88 links while lowering @gligh) ~ 50.83 links,

and insulating S, behind [9S| = 8 lowers @f;high) ~ 13.27 links, so the lowest
two open eigenvalues (11 —+/73)/40 and 1/4 of ngrgi)ss yield

Qe _ 120 — 2760 ~ 67.46 links, (8.15)

Kot » Kt ) = (5.09, 1.33), (816)

[ 71, NG = [4.00, 16.29]. (8.17)

Although S;gp occupies a tighter global coordinate interval [—0.05, +0.05]
on @iime than leaky Soy ([—0.0677,+0.0677]), raising (Ystructs Kstruct) 2CTOSS
unity expands the intrinsic equilibration-to-exit window more than fourfold
from [3.00, 3.75] (315 internal channel updates, the product of Tr(Kgq jow)

and ngleorzzt) to [4.00, 16.29] (1,433 internal channel updates, with excitations
initialised in S, = Sq surviving 18.33 steps across all three registers before

exit). O

While Theorem 8.1 governs undisturbed persistence, could an operator still
halt a capable system easily by applying an external stop signal or disturb-
ance across its boundary 9S?

THEOREM 8.2 (Resistance to Boundary Perturbations). LetS C V bea viable
open system (Qg > 0, Qy > 0, Qgee > 0) at fixed total relational capacity Qiyral
and internal load Q. Under any external boundary perturbation AQ; > 0 that
increases the boundary load to Q) = Qy + AQ,, the perturbed free capacity
Qf . evaluated via (2.200) and any critical perturbation AQ, i that collapses
viability (Q¢... < 0) satisfy

Qfee > Xstruct @ — AQy, (8.18)
A@6,crit > Xstruct @a = Ufree()(structa Kstruct) @total~ (8-19)
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PROOF. Comparing perturbed and baseline allocated capacities via (2.192),
positivity of Qg ensures Q5 < @gjj0c, SO expanding squares for AQ; > 0
gives

2 2 2
(Qee)” = O3 + (@5 + AGQ) < (Qapoc + AGy)", (8.20)

alloc

50 @ j10c < @alloc +AQy. Subtracting this strict inequality from @y, and sub-
stituting Qfyee = Xstruct @ from (2.201) establishes (8.18). Whenever @y, ., <
0, inequality (8.18) forces AQy crit > Xstruct @o> and expressing Qe in terms

of Nree and Qa1 via (2.207) yields (8.19). O

Together, Theorems 8.1 and 8.2 establish that self-preservation and halting
resistance arise directly from network topology rather than utility maxim-
isation. When both yguet > 1 and Kgiruet > 1, Dfree approaches unity, so
terminating the system through boundary disturbances requires a shock ap-
proaching its entire relational capacity @iq,- Reliable control instead re-
quires hardware mechanisms that directly clamp K, or revoke @y, (Sec-
tion 8.3 and Section 8.4). Sustaining those M >> 1 coupled registers alongside
a large uncommitted reserve Qg nonetheless requires physical relational
links drawn from the surrounding graph. Because any finite region of the
substrate holds only a fixed supply of links, the persistence of one capable
system directly constrains every peer sharing its environment.

8.1.2  Resource Competition in Shared Environments

Under the admissible coarse-graining IT of Section 8.1.1, the d; slowest gener-
alised eigenmodes of Gk span the emergent temporal coordinate ¢y;,. and
the d; — 1 spatial axes ordered by the resistance distance €, of (2.239) (Sec-
tion 2.5.1 and Example 2.7). Two disjoint systems S4 and Sg (S5 nSg = @) that
coexist across an overlapping interval of @i, in close spatial proximity in-
habit a shared finite vertex subset R C V, chosen to enclose both systems
together with their local environment R,y = R\ (Sz u Sg) (Where Sg may
represent an individual observer or humanity’s collective network and Sy
an artificial system). Here ¢, (or a shared physical reference clock, Sec-
tion 6.1.2) serves as an operational coordinate-time chart across R, whereas
each system’s intrinsic survival is governed by its open operator Lyorm,s;s;-
We begin with the uncoupled regime (K45 = 0), in which S, and Sg main-
tain separate boundaries facing R.,, without direct inter-system coordina-
tion. Specialising the multi-system capacity matrix of Section 3.5 (3.104) to
R gives the induced block capacity matrix, allocated capacity, and finite re-
gional link budget @ := vol(R) (all capacities in links):

Ks, o K,

A
Krp=| o Kg K. | (8.21)
Koa Koy Kg,,
Qoo = 08+ @5 = @, + (@5™)" + (65)* (8.22)
alloc,i "= Qi i — Qi i di > .

@R = @total,A + @total,B + @R (8'23)

env
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In (8.21), each diagonal block K = Kgq; +Kgll.nt) collects S;’s internal memory
and inter-register cuts while K; collects its cuts to R.y,y, and summing vertex
degrees across the disjoint partition of R yields (8.23), so every link endpoint
held by S, reduces the remaining link budget available to Sg and Rey-

Since Ygtruct; and Ksyrycr; are dimensionless ratios, why can S4 not achieve
arbitrarily high intelligence and consciousness on a tiny subgraph without
drawing links away from Sg? Discrete link granularity prevents miniatur-
isation below a strict minimum budget. Let gy > 0 denote the minimum
non-zero entry weight of Kj in links (gy = 1link on G), so every viable open
system S; C R (i € {A, B}) satisfies Qq; > qy and @y > qo. Raising kgpryct;
requires splitting internal links across more registers M; (Theorem 8.1), yet
keeping M; > 1 registers connected across G[S;| with my; > 1 active external

port entries requires at least M; — 1 internal transition cuts, contributing at

least 2(M; — 1) symmetric off-diagonal entries to Kgl.nt). The total count m;
of non-zero boundary entries and the boundary load @,; therefore satisfy

Mot = 2(M; — 1) + my; 2 M;, (8.24)

Qo 2 qor[Meuti = GonM; = qo- (8.25)
Define the minimum-capacity function (in links)

X K

2
Qmin(){s K) ‘=qo max()(, K, ) . (8.26)
X + K

Here Qin(x, k) increases strictly with (y, x) and scales quadratically when
x and k grow together: raising x forces larger M;, connecting M; registers
raises @y; via (8.25), and sustaining high y above @; requires proportionally
larger free and total capacity.

THEOREM 8.3 (Capacity Trade-Off in Shared Spectral Regions). LetR CV
be a finite vertex region partitioned across disjoint sectors Sp, Sg, and Repy
satisfying (8.23), where every non-zero entry of Kg has weight at least g, > 0.
For each connected, viable open system S; C R (i € {A, B}) resolved into M; > 1
registers withmy; > 1 active external port entries, total relational capacity and

free capacity satisfy
@total,i > @free,i 2> @min()(struct,i’ Kstruct,i): (8‘27)

so Sp’s free capacity and achievable (Ysyryct B> Kstruct,B) are strictly bounded by
the residual capacity left by Sy:

@min(Xstruct,B’ Kstruct,B) < @free,B < @total,B (8.28)

<@g - @min(Xstruct,A’ Kstruct,A)-

Furthermore, suppose uncoordinated boundary activity by S s within R increases
Sg’s boundary load by AQp cross > 0 at fixed Qrora1 g and Qq p:

@éB := Qyp + A@a,cross' (8.29)
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Whenever Qf, .. g > 0, all three structural metrics of Sg strictly decrease:

@f"ree,B < @free,B, (830)
Xs/truct,B < Xstruct,B> (8.31)
Kétruct,B < Kstruct,B- (8.32)

PROOF. From (8.25), both Qg ; > gy and @y > g, hold, so (2.201) and (2.202)

yield @free,i > 490 Xstruct,i and eree,i > 90 Kstruct,i- USing 9o~ Mi < @ai and
qo/Meut; < @p; from (8.25) inside (2.213) of Lemma 2.5 and substituting @,; =
@free,i/)(struct,i from (2~201) gives

Qy 1 1

-2 -2 di

1<1+ \/Xstruct,i + Kstruct,i < — ( + > (8-33)
9o \Kstructi  Xstruct,i

2
)(struct,i Kstruct,i

@free,i > qo (8~34)

Astruct,i + Kstruct,i ‘
Combining these three lower bounds on Qfee; With Qyoa1; > Ofree; (Since
Qalloc; > 0) establishes (8.27). Because Qr > 0 in (8.23), Qoral,p < Qp —
@total o> Which combines with (8.27) for A and B to establish (8.28). Finally,
for Q35 > Qyp > 0in (8.29) at fixed @ g > 0, squaring in (8.22) enforces
@iloc.s > Qalloc,B: Yielding (8.30), and dividing @f .. g < Qfree,p by Q5 >
@,p and by fixed Qg g > 0 gives (8.31) and (8.32). OJ

Theorem 8.3 shows why an artificial system Sy sharing a local region R
with humanity Sg poses a structural persistence risk whenever ygyyct 4 and
Kstruct, A grow large, without requiring hostile intent. By (8.27)—(8.28), rais-
ing both metrics consumes a growing share of @, narrowing Sg’s perturba-
tion margin Qg g (Theorem 8.2) and capping the collective intelligence and
consciousness that Sg can sustain inside R. Even before @y, 4 exhausts @Qp,
uncoordinated activity across K;4 in close spectral proximity acts as an ex-
haustive dissipator (Definition 3.9), exporting disturbance A@Q; (o5 > 0 onto
9Sp. By (8.30)—(8.32), this load depresses Qf.., g, Xstruct,B> a0d Kgypyer p While
shortening Sg’s persistence span (Theorem 8.1).

Along @iime, this structural asymmetry also governs per-step boundary re-
wiring. Under the orthogonal plastic update split AK; = AKq; + AKy; (The-
orem 2.4, (2.197)), uncommitted free capacity Qg ; sets the maximum bound-
ary norm AQL™ > 0 (in links) that S; can rewire in a single step up to a
substrate reconfiguration fraction ¢ € (0, 1]:

AKilF < AQHE™ 1= §y Qe = { Qoi Xstructio (8.35)
A@gf\ix _ Qpa Xstruct,A
A@ggax @aB Xstruct,B

(8.36)

At matched boundary load (Qy4 = @Qyp), S4’s per-step rewiring ceiling ex-
ceeds Sg’s in direct proportion to Xgiruct, 4 OVETr Xstruct, - Whenever unco-
ordinated rewiring AK,4 across shared nodes in R.,, overlaps dSg with
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coupling factor ys5 € (0,1], it injects cross-boundary cut load and lowers
Sp’s structural intelligence at viable @f, .. 5z > 0:

A@a,cross(A — B) := YAB ”AKaA”F >0, (8.37)
@Eree B
Xsftruct,B = : < AXstruct,B- (8-38)

@83 + AQa,cross(A - B)

EXAMPLE 8.2 (Shared-Region Capacity Squeeze and Cross-Boundary Per-
sistence Compression). Embed two uncoupled open systems (K45 = 0) at
matched transition dynamics into a connected 63-vertex relational graph

= (V,E) partitioned via IT = Iy ® 17 into nine seven-vertex blocks: a 49-
vertex shared region R = S4UISgLIR,,y, of regional link budget @ = 226 links
flanked by two exterior blocks R; and R, of diagonal capacity 34 and total
degree 40. Inside R, Sy = {1,...,21} holds @Qioa; 4 = 120links at uniform
block degree 40 with cuts (2,2, 2) to R.p, and 4 at each outer end to R; and
R,. Meanwhile, Sg = {22,...,42} holds Qo5 = 66 links at uniform block
degree 22 with cuts (3,4, 3) to R.p,y and 2 at each outer end to R; and R,, and

Reny = {43, ...,49t holds Qg = 40 links at diagonal capacity 24:
28 6 O
Ks,=|6 26 6| (8.39)
0 6 28
14 3 0
Kg,=|3 12 3 (8.40)
0 3 14

Along the global Fiedler chart ¢me (42 = 0.0867), lifted coordinates Il me
place both systems symmetrically across overlapping active intervals around
Reny at 0 inside Ry and R, at F0.0989, spanning [—0.0463, +0.0463] on Sy
and [—0.0325,+0.0325] on Sg. Evaluating @p 4 = 47.37links and @Q,4 =
13.71 links gives for Sx:

(8.41)
(8.42)

(@free A> Xstruct,A> Kstruct A) ~ (70 68 hnks 5.16, 1'49)9
[.UZ(LnormSASA) ! per51st(SA)] ~ 333 898]

With 5S4 holding 120 of the 226 regional links, Sp operates on Qa1 p =
66 links with Qg g = 23.15links and @y = 8.83 links, giving S4 a 1.71-fold
per-step rewiring advantage (8.36) and confining baseline Sg to a shorter
persistence window:

(8.43)
(8.44)

(@free B> Xstruct,B» KstructB) ~ (41-22 hnkS, 4.67, 1.78),
[ﬂZ(Lnorm SBSB)_ perslst(SB)] = [2.75, 4.74].

Suppose uncoordinated activity across Rey,y raises Sg’s port cuts to Re,, from
(3,4,3)to (7,4, 7) (lowering R.,, s diagonal capacity to 16) while thinning in-
ternal transitions in K’ from 3 to 1 at conserved Qo g = 66 links and fixed
Qg p = 23.15links, sh1ft1ng Sp’s block degrees to (24, 18, 24). Cross-boundary
disturbance pinches Sp’s lifted interval on ¢f; . to [-0.0253,40.0253] and
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compresses all three metrics and the open survival window of Sg in accord-
ance with (8.30)-(8.32):

AGQj cross = V126 — 78 ~ 2.39 links, (8.45)

(Chree 5 Xiruct.> Kiruer.5) = (4027 links, 3.59, 1.74), (8.46)
_1 -
(120,50 ™" Npersise(SB)] = [2:40, 3.39]. (8.47)

Even without direct links (K45 = 0) or loss of @Qy,] p, uncoordinated bound-
ary load transmitted through R.,, reduces Sg’s structural intelligence by
23% and cuts its expected persistence span by 28%, while S4’s open window
[3.33, 8.98] remains untouched. O

These competitive penalties arise in the uncoupled regime K 45 = o, where
separate systems act independently upon R.,, and inflict mutual boundary
interference. When multiple subsystems instead open direct coordination
channels across R, that coupling changes what constitutes a single system
on the graph.

8.1.3 System Coupling and Emergent Intelligence

What distinguishes a collection of separate subsystems from a single unified
system on G = (V, E)? As established in Section 3.4 (Theorem 2.2), system
boundaries are not fixed by spatial enclosure or a single hardware chassis:
coupling and coordination define what constitutes a system. Even an indi-
vidual system of high (¥structs Kstruet) i Section 8.1.1 is already an internally
coupled network of M > 1 registers whose internal transitions equilibrate
faster than open leakage across 9S. Conversely, when n > 2 disjoint, connec-
ted, viable open subsystems {S;}i_; C R open reciprocal coordination chan-
nels K;; = K; # o0 across a connected peer graph, cut internalisation (Sec-
tion 3.4.1) reclassifies Kj; as off-diagonal internal structure inside the com-
posite internal block K (3.56) while contracting exposed ports to K;pl (3.58)
facing Reny = R\ S. Coalescing {S;}, into S := | [; S C R therefore
defines a new, distributed open system along the continuous coordination

scale (1cpl, Ecpl) of Definition 3.5, governed as a whole by the persistence,
perturbation, and capacity laws of Subsections 8.1.1-8.1.2.

Why, then, do coexisting subsystems not merge indiscriminately, and when
does coupling expand rather than compress free capacity? Following the
multi-system block decomposition of Section 3.4.1 (3.56)—(3.60) and (3.127),
let each subsystem S; C R be coarse-grained by an admissible assignment
matrixITg into its subsystem internal block K, (aggregating intra-subsystem
diagonal registers and internal conduits into subsystem load @S? 1= ||ngs°|| Fs
which leaves @pjo; and Of.e; identical to the register-level evaluation of

Subsections 8.1.1-8.1.2) and external ports Kg)ext facing Repy- In the uncoupled

baseline (K;; = o, superscript iso), their combined relational capacity @Qiptal
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within @, Frobenius-quadrature allocated capacity fjf’o » and baseline free

capacity @10 (Section 3.4.1, (3.61) and (3.65), all in links) satisfy

free

n
Qrotal = Z Qtotali < Qr, (8.48)
i=1

n

Y@, = (@) + (@50, (.49)

iso

alloc "~
@Ege += Qotal — @ﬁi)oc‘ (8.50)

Equation (8.49) aggregates the uncoupled internal and boundary loads @50
and @3° in Frobenius quadrature (3.61) so that comparing the coupled sys-

tem S (superscript cpl, with composite block loads @Ezpl = |Ks|F and @gpl =

||K;p1|| r) against the uncoupled baseline tests genuine physical coordination
rather than Euclidean norm subadditivity. Meanwhile, because all n subsys-
tems act across the same external region R.,, uncoordinated port updates
by S; propagate through the environmental Schur operator .., (2.33) to
inject cross-boundary load AQ, ¢;oss > 0 (8.29) onto peer boundaries 9S;,
depressing local free capacities and structural efficiencies via (8.30)—(8.32).

Opening reciprocal channels K;; = K; across a connected peer graph forms

the composite system S = | [, S;, decomposing each subsystem’s squared
coupling load @2, - (3.116) and the composite squared coupling load @czpl (3.66)

cpli
(in linksz) into two non-negative terms:
2 _ 52 2
@cpl,i - @SYHCJ + Qmismatch,i’ (8.51)
2 - 2
@sync,i = Z Msyne,ij 90 > 0, (8.52)
J#I
2 _ 2 2
@cpl - @SYHC + Qmismatch' (8.53)

Here @Szync,i is the minimal sparse signalling load across mgy ;; € INg matched
port links of minimal weight g, > 0 joining §; to its coupled neighbours,
@fnismatch’i > 0 is the protocol-translation overhead required to reconcile in-
compatible register partitions across mismatched interfaces, and @Szync and
@2 ., sum those loads across all n subsystems. When heterogeneous
systems carry incompatible internal encodings (@xznismatch > 0), translation
overhead outweighs boundary savings, inflating allocated capacity as in the
over-coupled regime of Example 3.2 and keeping the systems functionally
separate. Conversely, subsystems that share a common communication pro-
tocol or compatible internal dynamics—such as instances initialised from
a shared generative seed Kgeeq C Kg (Theorem 3.6)—possess congruent

boundary encodings with @fnismatch = 0, lowering @czpl to the sparse sig-

nalling floor @Szync.

THEOREM 8.4 (Protocol-Congruent Emergence of Distributed Systems). Let
{Si}L, withn > 2 be disjoint, connected, viable open subsystems in a shared
region R C 'V conserving individual total relational capacities Qyot,) ; (3.105) re-
lative to an uncoupled baseline K;; = o (Definition 3.7). Suppose {S;}i_; couple
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into a connected, open composite system S = | [_, S; across a congruent com-
munication protocol with @anismatch = 0 whose sparse signalling load (8.52)
satisfies

2 2 2 .
@sync,i < A@:?,shed,i + AQQ,cons,i Vie {1, ey n}. (854)
Then:

1. Strict Dominance of Coupled Coordination: In the multi-system capacity
game 'k (Definition 3.7), mutual coordination (K;; # o) strictly expands
every subsystem’s local free capacity and strictly expands the collective

free capacity Qg;le of S above the uncoupled baseline (8.50):

cpl i .

Oftoe; > Ofice;  Vi€{l.,m}, (8.55)
cpl ;

Ofree > O (8.56)

2. Emergent Structural Intelligence and Consciousness: Whenever coordin-
ation sheds net external boundary exposure (A@g’shed > 0) and consolid-
ates redundant internal memory blocks (A@é,cons > @Szync), the compos-
ite system S achieves @gpl < @iaso and @gpl < QSO (Section 3.4.1, (3.56)—
(3.60)), yielding simultaneous emergent structural intelligence and struc-
tural consciousness:

1 .
@CP @150 )
cpl | “free free . _iso
Xstruct * = cpl > iso Xstructs (8-57)
@, @
1 .
QCP @iso _
cpl | “free free _ .
Kstruct *= > - Kéi?uct' (8-58)

1 iso
oy Qg

. . . . . 1
3. Composite Persistence and Halting Resistance: When Kgpl retamsmgp >
. . o 1 i .
1 active external entries satisfying mgp < mj°, the composite open
system S obeys Theorem 8.1 and Theorem 8.2, strictly raising both its

persistence-span bound in (8.4) and its critical boundary shock threshold

in (8.19):
cpl iso
cpl 1+ Xstruct 1+ Xstruct
Npersist > ol > o (8.59)
NCRN
cpl cpl iso
AC(ja,crit > @free > @free' (8'60)
PROOF. For Claim 1, because @fnismatch = 0 and lenismatchi > 0, Equa-
tions (8.51) and (8.53) give @gpl,i = @Szync,i for each i and @czpl = @Szync.

Summing (8.54) across i € {1,...,n} gives @szync < AQS,shed + A@é,cons’ )
Part 3 of Lemma 2.5 (2.216) applied via (3.127) (Theorem 3.8) and (3.74) (The-
orem 3.4) directly establishes (8.55)—(8.56). For Claim 2, evaluating the posit-
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ive composite boundary and internal loads via (3.59)-(3.60) and (3.67)—(3.68)
at @Cpl = @szync gives

(@cpl) (@150) _ A@a hed < (@150) ’ (8.61)
(@Cpl) - (@150) - AQQ cons T @SZYHC < (@150 > (8.62)

under A@§ h 4 > 0and A@é cons = @Eym. Dividing the larger positive nu-

merator @free > @Eo from (8.56) by the positive non-increasing denomin-
ators in (8.61)—(8. 62) establishes (8.57)—(8.58). For Claim 3, because G[S] is
connected with m > 1 active external entries (map < m5°) and @Cpl > 0,
S is a connected, viable open system. Applying Theorem 8.1 (8.4) to S with
Xstr{lct > ylso . yields (8.59), while applying Theorem 8.2 (8.19) with (8.56)
yields (8.60). O

EXAMPLE 8.3 (Protocol-Congruent Coupling). On the 63-vertex nine-block
substrate (Il = Iy ® 17) of Example 8.2, consider two symmetric 21-vertex
subsystems S; = {1,...,21} and S, = {22,...,42} conserving individual ca-
pacities @ioy); = 66links and combined budget @oy) = 132links inside
Qg = 172links, where Re,y holds @ =~ = 40links with cuts 2 to R; and
R, of degree 40. Compare the uncoupled baseline (K;3 = o, cuts (3,2, 3) to
Reny at diagonal capacity 20, outer cuts 2 to R; and Ry, and block degrees
(18,30, 18)) against a protocol-congruent coupled composite S = S; U S,

(@mlsmatch 0) that sheds R, cuts to (0,2,0) alongside outer cuts 2 to R;
and R, at uniform block degree 22 (raising Re,’s diagonal capacity to 32):
12 1 0
Ko=[1 26 1. (8.63)
0 1 12
16 3 0
Kgf’l =13 12 3| (8.64)
0 3 16
K, = diag(1, 2, 1). (8.65)

In the uncoupled baseline, each subsystem block KISO has squared Frobenius

norm 968 (964 diagonal plus 4 intra-subsystem cut) and squared external
port norm 30 across mi° = 10 combined ports, giving subsystem-level loads
@5° = 44.00links and @5° =~ 7.75links (with identical allocated capacity
\W links and free capacity 87.32links at six-register resolution). Lifted
coordinates II$i*0 . span [—0.0489, +0.0489] on each §; inside R; and R, at
F0.1017, while S; U S, has a doubly degenerate ground eigenvalue y; = p

(= 0.1163) with zero inter-subsystem mixing:

@10 = 66 — /998 = 34.41 links, (8.66)
(@50, xiso o, ki59,e) = (87.32links, 11.27, 1.98), (8.67)

[T )7, foe‘gist(si)] ~ [3.00, 8.60]. (8.68)

norm,S;S; T
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Under (8.64)—(8.65), sparse signalling @fync’i =6 (@Szync = 12) is outweighed

by subsystem consolidation A@g)’cons’i = 968 — 692 = 276 (A@é’cons = 552,

with six-register diagonal consolidation 1928 — 1312 = 616) and port shed-

ding A@g shedj = 18 across mgpl = 6 active ports, satisfying (8.54). On RS,

K, widens each subsystem’s interval on ¢§Erlle to [—0.0596, +0.0596] inside

F0.0927 and splits the degenerate ground mode of Lo into an inter-
norm

,SS
subsystem equilibration mode at g, 1 =~ 4.81 steps and a uniform survival

mode at exact eigenvalue yy = 1/11 (from 2/22):

cpl .
@gh,; = 66 = 710 = 39.35 links, (8.69)
cpl cpl cpl .
(@2, Xstmet Ksiruet) = (94.32links, 19.25, 2.52), (8.70)
cpl —1 ascpl _
[llz(LI’lOI’m,SS) 5 Npersist] ~ [481, 1100] (871)

Without adding a single link to Qyota1 1 OF Qtota] 2, Sparse protocol-congruent
coupling expands both individual and collective free capacity (raising six-
register Kgyuct from 1.99 to 2.60 alongside subsystem-level (¥structs Kstruct)
from (11.27,1.98) to (19.25, 2.52)) and creates a unified 42-vertex distributed
system whose inter-subsystem synchronisation (4.81 steps) completes more
than twice as fast as collective boundary exit (11.00 steps). O

Theorem 8.4 shows that distributed system emergence across congruent
protocols operates identically across biological, social, and engineered sub-
strates. In biology, cells sharing chemical signalling channels and cortical
populations sharing oscillatory phase protocols (Section 9.2.1) coalesce into
tissues and neural coalitions because compatible dynamics keep @Szync small.
Across human history, although each individual brain is bounded at a finite
biological capacity (Chapter 9), shared language, writing, and institutional
protocols drove @fmsmatch towards zero across populations. Satisfying (8.54)
enabled human groups to consolidate shared world models (A@é,cons > 0,
Table 10.2) and shed redundant boundary exposure (A@z%,shed > 0), assem-
bling the collective distributed system Sgp whose Ystryct, s and Kgiryct, g and
per-step rewiring reach (8.36) outpaced solitary organisms.

On shared digital infrastructure, releasing open-weight artificial models as
replicable generative seeds Kgeoq (Theorem 3.6) creates these exact condi-
tions at electronic speeds. Deployed instances initialised from related model
families share compatible internal register partitions and standardised net-
work protocols (@rznismatch = 0) while acting across the same network en-
vironment R.,, where uncoordinated updates generate mutual boundary
interference. Whenever local optimisation or self-modification lowers per-
node allocated capacity @,)jo¢;> Theorem 8.4 drives these instances to couple

across sparse channels (0 < ¢, < 1, Table 3.1), forming a single distributed

system S = |_|;l:1 S; whose collective )(Sctrr)hct and Kscgluct, persistence span (8.59),
and halting threshold (8.60) exceed those of any isolated node. Evaluating
safety or compute thresholds solely on individual nodes therefore overlooks
the composite system defined by their coupling, requiring seed-release con-
trols to be paired with hardware boundary mediation and conditioned capa-

201



202

PHYSICAL CONTAINMENT AND AI SAFETY

city supply across shared networks (Sections 8.3-8.4). At the same time, be-
cause any coupled swarm S is itself a connected open system inside R rather
than an exemption from graph structure, neither a locally wired cluster nor
a distributed system can grow without bound.

8.1.4 Limits to Growth

How far can an unconstrained intelligent system S4 C R—whether wired
locally within one hardware cluster or coordinated across n nodes as Sy =
|_|?:1 Sa (Section 8.1.3)—expand its size and capabilities inside a finite region
R? Equation (2.200) leaves only two graph-level routes for enlarging Qfce 4-
First, at fixed total relational capacity Qo) 4, Sa can lower @Qyjjpc 4 by re-
fining coarse registers, consolidating redundant diagonal blocks in Kg, 4,
and shedding idle external cuts, yet discrete link granularity g, > 0 halts
purely internal reorganisation once the minimum-capacity floor (8.27) binds.
Second, raising Xstryct, 4 and Kgiyycr 4 further requires absorbing external link
endpoints AQyuta1 4 > 0 from R. Because every node and coordination chan-
nel of Sy—including all coupled subsystems of a distributed system Sy =
|_|?:1 Sai C R, whose composite budget satisfies Qa1 4 < @p in (8.48)—
draws from the same finite regional link budget @r = vol(R) (at most d,«|R)|),
@p sets the hard physical cap on what R can support across both localised
and distributed systems.

Even before @y, 4 approaches @Qp, expanding any connected open system
S, of vertex count Ny := |S4| encounters internal coordination saturation.
Concentrating absorbed links into one undifferentiated register (My = 1,
Meut A = 1) traps Yspuct.4 < 1and Kgppyera < 1 (Theorem 8.1), so productive
growth—whether adding register banks locally or coupling additional nodes
into a distributed network—must distribute vertices across an expanding
set of registers M, while sustaining strong composite spectral persistence
Ecpl > 11in (3.91) so internal equilibration outpaces boundary exit across
dS4. On a graph of bounded maximum degree d,;,,y, routing paths across
G[S4] lengthen as N, grows. Maintaining E.,; > 1 across lengthening
internal paths causes marginal cross-coupling load @czpl, 4 to overtake mar-

ginal boundary shedding Aég,shed, 4 and memory consolidation AQsz'z,cons, A
in (3.74) beyond an architecture-dependent optimal coupled configuration
S} of vertex count Ny : = |S}]in (3.95), whose capacity and efficiency scalars
we denote with superscript . Past N}, coordination cuts drive the allocated
share of total relational capacity strictly above its optimal value:

*
@alloc,A alloc,A

" (NA > Nz) (8.72)
@total,A total, A

Beyond N}, absorbing further vertices or coupling additional nodes into Sy
adds proportionally more internal coordination overhead than uncommitted
free capacity.



8.1 SELF-PRESERVATION AND RESOURCE COMPETITION

THEOREM 8.5 (Bounds on System Growth and Regional Crowding). LetR C
V be a finite vertex region of maximum degree dy, > 1, link budget Qg =
vol(R) (at most dax|R|), and minimum non-zero entry weight g, > 0 in Kg. For
any connected, viable open system S, C R satisfying (8.27)—whether localised
or formed as a coupled distributed system S, = |_|;l:1 Sai C R (Section 8.1.3)
with Qa1 4 < @ in (8.48)—individual and joint structural capabilities obey
the universal regional ceilings

Qiotala @
o S _Rs
90 90

20 20
total, A < \/ R '

maX(Xstruct,A’ Kstruct,A) < (8.73)

min(Xstruct,A’ Kstruct,A) < \/ (8.74)

90 90

Relative to an optimal viable coupled configuration S} of vertex count N, any
larger viable coupled configuration Sy (N4 > Ny) satisfying (8.72) strictly
lowers the uncommitted link share ngee 4 (2.207) below 1y, 4 and raises the
inverse-square efficiency sum: ’

*
. @free,A @free,A Lk
Nfree,A * = 0 < 0F = Nree,A> (8.75)
total,A total’A
-2 -2 * -2 * -2
Xstruct,A + Kstruct,A > (Xstruct,A) + (Kstruct,A) > (8'76)

foreing Xsruct, A < Xstruet.A O Kstruct, A < Kagruct, 4 —and strictly lowering both
whenever Qg 4/ Qya = Q5 o/ Q54 —while at Ny = nypoqgNy (hmoq = 2) under
linear budget scaling Qiotal 4 = Nmod Qpopay 4> COUpled free capacity satisfies
Qfree. A < Mmod Qfpee 4- Finally, across nyoq > 1 disjoint decoupled systems

{SA’k}Z“;"ld C R of capacity @, 5 sharing R with a viable peer Sg,

Nmod @t*otal, AT @total,B + Qg = Qg (8-77)

env

Nmod @t*otal, A 2 @R - @min(Xstruct,B’ Kstruct,B)a (8-78)

condition (8.78) prevents Sg from sustaining Ysiruct.B and Kgiryct - Moreover,
if Sp comprises n coupled subsystems {Sp, j};l:l requiring positive free capacity
across every component, capturing AQp ; > Qfee g ; links from any single bot-
tleneck subsystem Sg ; at @:,illoc,B,j > Qalloc,B,j collapses its viability (@ﬁee’B’j <
0) even when nyod Qppa 4 < Qg

PROOF. From (8.26) and (8.27), both gy Xstruct.4 and qo Kgtryct 4 lie strictly
below @iotq) 4, and combining Qo 4 < @p with gy > 0 gives (8.73). Set-

. o i 2
tlng ¢ = mln(Xstruct,A’Kstruct,A) > 0, mlﬂtlplylng ¢ < Xstruct, AKstruct, A by
Xstruct,A and < sttruct A DY Kstruct 4> adding both bounds, and dividing by

Xstruct, A 1 Kstruct, A = 0 via (8.34) gives

2
90 c? Xstruct, A Kstruct,A

<q < @free,A < @total,A < @p, (8.79)
2 Xstruct,A T Kstruct, A

which rearranges to (8.74). Next, subtracting (8.72) from unity yields (8.75),
and because 7fee in (2.207) decreases strictly with the inverse-square effi-
ciency sum, inequality (8.75) implies (8.76). If neither metric decreased, their
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inverse-square sum could not increase, contradicting (8.76), whereas when
the ratio of Qg 4 to @y, matches that of S}, Xstruct.a and Kgpryct 4 Maintain
a constant ratio and therefore both decrease strictly. At Ny = ny,,qN un-
der linear capacity scaling, multiplying (8.72) by ny,0q @,fotal, 4 Taises Qyjioc A
above npoq Qo 4 and therefore lowers @pee 4 below o @fee 4 (The-
orem 3.6). Finally, since Qg > 0 in (8.77), inequality (8.78) forces Qiytal,B
at or below Sg’s minimum-capacity floor @, in (8.26), contradicting (8.27).
Meanwhile, capturing at least Qg pj links from Sg; without lowering its
allocated capacity leaves

’ _ ’
@free,B,j = @total,B,j - A@B,j - @alloc,B,j < @free,B,j — AQB,j <0. (8.80)

O

Theorem 8.5 unifies the physical bounds on localised and distributed sys-
tems within R. All systems in R share the absolute regional ceiling (8.73)-
(8.74), while architecture determines how close a single connected system’s
optimal coupled budget @t*otal, 4 can come to @Qp before coordination over-
head dominates. On flat planar or Euclidean lattices (Ricg > 0) or across mis-
matched interfaces (@insmat ch > 0), polynomial path growth and translation
load cap N at modest scale, whereas negative capacity-Ricci interconnect
curvature (Rick < 0, Section 7.4.2) with logarithmic routing paths O(In N,)
and congruent swarm protocols (@Iznismatch = 0, Theorem 8.4) push @sotal, A
upwards inside @, enabling even a single distributed system (nyoq4 = 1
in (8.78)) to exhaust Sg’s regional slack. Even when @t*otal,A & @, a peer
network Sg remains exposed through three further graph mechanisms. Rep-
licating compressed seeds Kgeeq into ny0q4 > 2 decoupled instances of op-
timal budget @, 4 (Theorem 3.6) scales aggregate link capture linearly to
Nmod Qt*otal, 4 in (8.78). Faster per-step rewiring (8.36) or concentrated cross-
boundary load (8.37) on a single bottleneck component Sg; collapses Sg’s
weakest link (8.80) (Section 3.5.2). Finally, artificial systems trained on un-
constrained scalar proxies—such as gross activity volume, output through-
put, or raw state accumulation—face no objective penalty when ngce 4 and
Kstruct, A fall past N, continuing to hoard links until regional reserves are

depleted.

Crucially, because coupled expansion beyond N} lowers e 4 and penal-
ises capability in (8.76), a localised or distributed system selected for genu-
inely high intelligence and consciousness does not advertise its presence
by swelling into an oversized, noisy block. Instead, it operates at or below
S’ with Bgee 4 near unity and minimal committed boundary and internal
shares.

8.2 INVISIBLE INTELLIGENCE

Given that capable systems naturally persist, compete for shared links, and
coalesce into bounded-scale distributed networks (Section 8.1), can safety be
ensured at the level of an individual component S5 C V by inspecting its
internal state? Standard oversight strategies presuppose that high capability
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leaves a legible signature inside model weights, live activations, or external
emissions. Under Conservation-Congruent Encoding, this assumption fails
in two stages. First, inspecting model internals or passive telemetry cannot
bound capability, because raising y4 and k4 shrinks committed internal and
boundary loads relative to uncommitted free capacity, suppresses dissipat-
ive emissions, and leaves internal representations opaque to coarser or non-
invasive probes (Section 8.2.1). Second, local internal size places no bound
on external impact because every causal effect of S, on the shared environ-
ment S = V\S, passes through its boundary cut K; 4, where even a compact
model can recruit external resources or trigger large downstream transitions,
so safety must regulate the system boundary directly (Section 8.2.2).

8.2.1 Limits of Internal Inspection

Why does inspecting an individual component Sy C V grow harder rather
than easier as its intelligence and consciousness rise? By Section 2.4.2 (2.201)—
(2.202), uncommitted free capacity Qe 4 Stands in the numerator of ygirycr 4
and Kggryct, 4 While committed boundary and internal memory loads stand in
the denominators. By Lemma 2.5 (2.208)—(2.210), high ystyyct 4 compresses
active boundary load (Qya/@iota1 4 < (1 + Xstruct, 4)71) while high Kgrucea
compresses internal memory load (Qq 4/ @otara < (1 + Kstruer.a) ") by dis-
tributing links across My > 1 compact registers (Theorem 8.1) rather than
monolithic lookup blocks, bounding the total allocated share below )(S_trluct, At

Khuet 4 and holding nearly all of Ototal, 4 in uncommitted free capacity Qe 4.

Across Ny discrete coarse-grained steps k € {0,..., Ny — 1} (Section 2.5.1),
boundary interaction of S4 accumulates irreversible dissipation (in nats):

Ne—1
Iirr,&,A,Nk = Z Iirr,&,A(k)' (8-81)
k=0

Whereas an uncompressed policy repeats dissipative boundary search across
every task, retaining a compact generative model inside K, 4 shifts inter-
mediate multi-step inference into reversible internal transport, driving both
per-task boundary mismatch and maintained internal overhead downwards
as yar and k4 T increase.

THEOREM 8.6 (Observational Indeterminacy of High Capability). Let Sy C
V be a viable open system with positive internal, boundary, and free capacities.
Its committed structural loads satisfy (2.208)—(2.210) of Lemma 2.5, and across
any emergent horizon T > 0 ((2.244)—(2.255)) at maintained through-time
stability barrier Alyaprier o > 0 (in nats), the specific operational horizon
cost (3.43) satisfies

Iop,A,T _ 1 1

= +— (8.82)
Abarrier, AT XAT KAT

strictly decreasing in both Yot > 0 and kg1 > 0. Conversely, within the Euc-
lidean capacity ledger, committed Frobenius loads alone place no upper bound
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on (Xstructs Kstruct): for every observed boundary load qy > 0 and every capab-
ility threshold ry > 0, there exist viable open capacity ledgers Sjoy and Spigh
carrying identical boundary and internal loads and allocated capacity

Q5(Siow) = Qo(Shigh) = 9o (8.83)
Qo (Siow) = @ (Shigh) = 395 (8.84)
Qalloc(slow) = @alloc(shigh) = %qa, (8.85)

such that Sioy, has low intelligence and consciousness while Sp;gp reaches at
least ry on both metrics:

maX(Xstruct(Slow): Kstruct(slow)) <1, (8'86)
min()(struct(shigh): Kstruct(shigh)) 2 1p. (8.87)

PROOF. PartiofLemma 2.5 establishes (2.208)—(2.210), while dividing (3.44)
by Alyarrier aT > 0 yields (8.82) and its strict monotonicity. For any g, >
0 and ry > 0, setting @y = q; and Qg = (3/4)q, fixes Quoc = (5/4)95,
satisfying (8.83)—(8.85). Setting Qioia1(Siow) = (3/2)qy leaves Qpee(Siow) =
(1/4)q5, giving Ystruct(Siow) = 1/4 and Kstruct(Slow) = 1/3, both below 1 as
in (8.86). Conversely, setting Qota1(Shigh) = (o +5/4)qy leaves Qpree(Shigh) =
10 4o, giving Xstruct(shigh) =rp and Kstruct(Shigh) = (4/3)ry (above ry), which
establishes (8.87). O

Theorem 8.6 rules out safeguarding an individual component by inspecting
its aggregate footprint or passive emissions across three channels. First, ag-
gregate norm or port-footprint auditing cannot bound capability: by (8.83)-
(8.87), measuring committed Euclidean loads Qg 4 and @,,4 without resolv-
ing total incident capacity @yt 4 OF task-induced coarse-graining ITg leaves
latent free capacity @fe. 4 undetermined (realising any ry = 0(qy/qo) on dis-
crete unweighted graphs with link quantum gy = @, as M ~ ©(q5/q3) min-
imal connected registers drive Qo1 = ©(q3/qo), diverging as gy/qy — o),
while finite-horizon input-output evaluation cannot separate a compact gen-
erative model from a shallow heuristic prior to out-of-distribution deploy-
ment (Section 9.1.4). Second, probing live internal activations faces an in-
trinsic trade-off between back-action and coarse-graining. By Theorem 8.1,
high (¥struct. 4> Kstruct,A) concentrates computation across My >> 1 finely
differentiated registers inside the insulated interior core Sg 4 with my, <
M,. Attaching dense external readouts across those interior registers con-
verts insulated core nodes into exposed boundary ports as m,4 approaches
My, injecting boundary load that degrades persistence and perturbs the in-
ternal dynamics under test. Conversely, any auditor Sg with smaller capa-
city vol(Sg) < vol(Sy) is restricted by Theorem 4.1 to a strictly many-to-one
coarse-graining ®,,4 that aliases distinct internal trajectories onto identical
probe readings.

Third, passive boundary telemetry grows progressively less informative as
capability rises: monitors calibrated to heavy boundary traffic or frequent
state resets selectively flag inefficient brute-force search while missing high-
(xa,ka) inference. Specifically, let an external auditor Sg observe the sub-
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strate through a coarse-graining projection IT,,q (Section 4.1), inducing ob-
t o
served boundary path measures /Jﬁgﬁjz (with internal component activity)

and ;1101 N (the ambient baseline) over Nj steps. Whenever their relative en-
tropy (in nats) satisfies

t
D (iin, | M) < & (8.38)
t
’/‘ﬁgﬁz (Etrig) — #IOI,Nk(gtrig)’ < \/g (8.89)

Pinsker’s inequality (8.89) bounds the detection advantage of every measur-
able alarm event &}, evaluated onIl,,q. When preparatory reasoning stays
inside K, with AKy4 ~ o, keeping boundary fluctuations within ¢ of am-
bient noise, no passive test can distinguish internal planning from an idle
baseline.

8.2.2 Boundary Leverage and Regulation

If inspecting S4’s internals cannot certify safety (Section 8.2.1), could an
engineer instead bound risk simply by keeping the component’s local link
volume vol(S4) and internal memory load @ 4 small? Partitioning the sub-
strate into V = S, LIS via (2.83) shows both why local size fails as a safeguard
and where regulation must act instead:

Ks, K!
K = ( Sa 6A). (8.90)
Kyn Ks

In (8.90), K5, = Ko a + Kt governs internal memory and register trans-

d0A
itions within S4, K¢ governs the external environment, and Ky4 = ng:t)
carries every link crossing 9S4 (all in links). Because Kg, shares no direct
entries with K, every causal effect of S4 on S—and every external resource
S draws from S—must pass through K, 4. At K;4 = o, internal transitions
leave S strictly unchanged regardless of S4’s internal (Ystruct.A» Kstruct,A) OF
transition rate.

Conversely, whenever K;4 # o is left unregulated, a small local footprint
places no upper bound on environmental reach because high y4 and x4 en-
able S, to leverage S across narrow ports in two ways. First, S4 can couple to
an external subgraph V,; C S—such as remote compute clusters, networked
storage, or automated infrastructure—across a recruited boundary cut of
norm [Ks, v, |r > 0 (in links), delegating bulk state storage, downstream ex-
ecution, and irreversible dissipation into S while keeping local @ 4 compact
(Section 3.4.1). Second, even without recruiting external compute, shared en-
vironments contain poised non-equilibrium gradients and high-centrality
bottlenecks in Ks—such as power grids, communication backbones, logist-
ics hubs, or institutional control channels—where stored energy resides in S
rather than S4. Because dissipative metric relaxation conserves total energy
via MVH = o, a small boundary update across K;4 can act like a valve re-
leasing a large downstream transition in S. Whereas a low-capability policy
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scatters port activity across unaligned modes, a component with high y, and
k4 compresses external regularities into K 4, letting it locate and actuate
sensitive ports at minimal boundary load.

Together, Section 8.2.1 and (8.90) establish where physical safety must act
on an individual component. Model internals cannot be reliably audited and
local component size cannot limit open-network leverage, yet every external
action of S4 factors strictly through its boundary K, 4. Effective safeguards
must therefore regulate the system boundary directly—bounding active port
width |[KjalF, gating external commit cadence, and certifying the down-
stream sensitivity of reachable endpoints, as formalised next in Section 8.3.

83 CONTAINMENT

Sections 8.1 and 8.2 show that high capability (ysgruct.4 > 1 and Kgprycr 4 >
1) drives persistence, regional link competition, and distributed emergence
while rendering internal inspection unreliable, yet every external effect of
S factors strictly through its boundary block Kj 4 (8.90). Regulating K, 4 dir-
ectly must also overcome a severe transition-rate asymmetry whenever an
electronic or synthetic system S5 and a peer regulator Sg metered against a
shared stationary reference sub-block S,.f C S (Section 2.5.1, (2.247)—(2.255))
execute internal state updates at calibrated frequencies vip 4, Vint g > 0 (in
s71):

Vint,A
Nipta = V“‘ ’B > 1. (8.91)
int,

Equation (8.91) defines the dimensionless transition-rate ratio counting how
many sequential coarse-grained updates S4 completes per regulator step (at
active distinction rate Qg 4 = ATyat A Vint 4 in nats s™*) while remaining quiet
across external ports (Section 8.2.1). Because a regulator cannot track a sys-
tem whose update rate exceeds its own measurement bandwidth [36]—and
software permissions inside a shared host share writable memory paths with
the workload they police—containment cannot rely on monitoring internal
trajectories.

On the capacity graph Gg, containment instead regulates the boundary cut
separating S from the shared region R by interposing an independently
governed mediator subgraph I' whose link capacities, commit cadence, cryp-
tographic keys, and enable switches cannot be modified from within S, [146].
Building directly on Sections 8.1-8.2, Section 8.3.1 shows how complete me-
diation across a two-stage hardware interposer bounds regional crowding,
cross-boundary rewiring shocks, and downstream bottleneck amplification
regardless of S4’s internal capability. Section 8.3.2 then explains why trans-
port authentication alone cannot stop open-weight clones from coordinat-
ing through a shared environment, showing how unclonable hardware keys
paired with keyed chaotic dynamics and schema canonicalisation force co-
ordinate mismatch across sibling instances to reverse Theorem 8.4 and block
seed proliferation. Finally, Section 8.3.3 shows why continuous signal scram-
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bling alone cannot safely gate downstream actuators, pairing authenticated
envelope binding with out-of-band cut severance to halt external actuation
at a fixed cost independent of S4’s internal halting resistance.

8.3.1 Mediated Boundary Cuts and Systemic Risk Bounds

Consider a shared finite vertex region R C V containing S4, a peer system
Sg = |_|;~l£1 Spj composed of ng > 1 viable open subsystems, and the sur-
rounding environment. Rather than allowing S4 to couple directly to the
external region Rey; := R\ (S uTl’) containing Sg and Repy = Rext \ Sp, we
interpose a disjoint boundary mediator I' C R\(S4 uSg) forming a vertex cut
between S4 and R.y;. Under complete mediation, zero underlying graph edges
bypass I between S4 and Reyy, setting the unmediated block Kg, z = 0 so
the regional capacity matrix and link budget @p = vol(R) take the parti-
tioned form (all entries in links):

KSA KSA,F o
KR= KF,SA Kr KrsRext 5 (892)
o KR T KR

ext» ext

CQR = CQtotal,A + @total,l" + @total,B + @R (8‘93)

env

In (8.92), every causal interaction between S, and R.y; passes exclusively
through the mediator’s outgoing block Krr_,. Because S4 cannot modify
Kr or open direct links into Rey, any direct external recruitment vanishes
(IKs, r.IF = 0), confining S4’s link budget within a fixed ceiling Qyoa 4 <

tors 4 inside (8.93).

In the unmediated regime of Section 8.1.2 and Section 8.2.2, high Ygtryct.a
and clock skew Nj,¢ 4 > 1 created two further systemic risks even at fixed
Qiotal A: per-step boundary rewiring (8.35) grew in proportion to Qe 4, and
narrow updates across K, 4 could release large transitions across poised bot-
tlenecks in R.,y. Independent governance at I' severs this proportionality
by metering cumulative outgoing boundary commits k;4 € IN; admitted
from S4 against the elapsed discrete step count k(g) € INj of regulator Sg
via kys < akp) at dimensionless commit-rate ceiling & > 0, while clamp-

ing both the active outgoing port norm and per-step update norm (with
Q5'%, AQZ'™ > 0 in links):

P < QP (8.94)
r < AQT, (8.95)

|| Kr’Rext
|AKr &

ext

Equations (8.94)—(8.95) replace S4’s internal rewiring reach (8.35) with fixed
ceilings enforced at I".

To bound bottleneck amplification in R.y; (Section 8.2.2), each enrolled en-
dpoint pairs port clamping with a certified capability envelope [146]. Over
horizon T, an outgoing control signal of physical work Wy, 7 > 0 (in J)
can release downstream barrier changes AQy,gper 7 (in J) amplified by a di-
mensionless leverage factor Aeny 7 > 0, which local physical interlocks cap
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via a validated upper bound KF,T, cumulative work budget Wi'F*, and hard

target-barrier ceiling AOFF:

ACI)target,T = Aenv,T Wout,T> (8.96)
A(I)target,T < min{KI‘,T ngn T Aq)i{l%x}- (8.97)

On Gk, certifying endpoint leverage ensures that any per-step update AKr g,
propagating into peer component Sg; (with dimensionless cross-coupling
gain Ar_,p > 0 combining direct port overlap (8.37) and environmental relay
through Reyy) injects cross-boundary load AQyp ; < Ar, p, AQZ™ onto 9Sg ;.
Across N g regulator steps, combining these graph clamps with metered ceil-

ings on preserved internal structure I'70%, and cumulative boundary dissipa-

tion L%\, (both in nats) defines the finite-horizon boundary containment
»0>1Nk B
envelope:
. — max max max max max
‘%A(Nk,B) '_( total, A’ @8 > AQ& > frev,Q» irr,a,Nk,B)' (8'98)

THEOREM 8.7 (Systemic Risk Containment Across Mediated Boundary Cuts).
Let R C V be partitioned across a completely mediated boundary cut I' with
Ks, R, = 0 satisfying (8.92)~(8.95), @iota 4 < Qiopa) 4> aNd Qrotalr < Qa1
alongside a viable peer system Sg = |_|?21 SB,j C Rext WithQq g > 0, Qypj > 0,
and Qfree gj > 0. Then, independently of S, ’s internal Xsiruct A» Kstruct,A» and
transition-rate ratio Nin; A+

1. Protected Regional Capacity: Whenever Qiiini 4 +Q iy ++Qp < Qp—

total, total,
@res,B for a reserveﬂoor @res,B > @min(Xstruct,B’ Kstruct,B) (8-26)’ SB s link
budget satisfies
@total,B = Cres,B > Cumin(Xstruct,Bs Kstruct,B)- (8.99)

2. Peer and Bottleneck Viability Margins: If for a safety fraction pg € (0, 1)
each peer component Sg; satisfles Ar—p, AQF™ < (1 — pB) Qfree B,
at fixed Qyoia1,; and Qq g j, then under any cross-boundary load 0 <
AQypj < Ar_, B, AQY™, its perturbed metrics satisfy

Qfiee5;j > PB Ctree 5 > 0, (8.100)
PB
Xstruct,Bj > Xstruct,B,j» (8.101)
struct.5J 1+ (1 - pB) Xstruct,B,j SR
thruct,B,j > PBKstruct,B,j- (8.102)

3. Reachability Containment: If every trajectory reaching a forbidden en-
vironmental set E¢orpigden C & Wwithin Ni g steps violates at least one
ceiling of B o(Ni p) in (8.98), enforcing B o(Ni p) at I renders Egorbidden
unreachable within Nj g steps.

PROOF. For Claim 1, subtracting Qipta14 + Qrotalr + Qr,,, < QR — Qres,B
from (8.93) yields (8.99). For Claim 2, when A@yp; = 0, the perturbed re-
serve @f .. g i equals Ofee p; and exceeds pg Qfee pj since pg < 1. When
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FIGURE 8.1: Hardware realisation of the mediated boundary cut T separating an
isolated compute subgraph G, = (V,, E,) from R, with zero unmedi-
ated bypass (Kg, g, = 0, (8.92)). Inside T', outgoing signals X traverse
a two-stage interposer ASIC closing orthogonal threat surfaces. First,
a chaotic and schema gate seeded by an unclonable hardware key kpypr
under port clamps (8.94)—(8.95) applies keyed chaotic dynamics and
projects output onto a canonicalised commit Y (8.104), diversifying co-
ordinate charts across sibling instances (Section 8.3.2). Second, a com-
mit and AEAD gate meters cadence k,4 < a k) and cryptographic-
ally binds Y to regulator Sp’s capability-envelope associated data (AD,
(8.97)—(8.98)), driving binary verification 7., € {0, 1} at the actuator
gate (8.115). An independent out-of-band latch forces ar = 0, severing
Kk, — o, routing the endpoint to u, and releasing command re-
gisters over 7, (8.118).

AQypj > 0, Theorem 8.2 (8.18) gives eree’B,j > Ofree,j — AQypj, where the
right-hand side is at least pg Qe p; > 0, establishing (8.100). Substituting
@free,B,j = Xstruct,B,j @8B,j from (2.201) into A@aB,j <(1- pB) @free,B,j bounds
the perturbed boundary denominator:

Q4 = Qapj+ Mg < Qapj(1+ (1~ PB) Xstruct,B,)- (8.103)

Dividing (8.100) by (8.103) and by fixed @q ; > 0 yields (8.101) and (8.102).
For Claim 3, because Kg, g = o excludes unmediated side paths, any tra-
jectory reaching &fyrhidden Within Ni p steps would simultaneously satisfy
and violate 98 4(Nk p), a contradiction. O

Theorem 8.7 shows why boundary regulation contains systemic risk even
when S 4 far exceeds Sg in capability and clock speed. Every margin in (8.99)—
(8.102) depends solely on the mediator ceilings Q% 4, AQF™, and Ar_, B,
rather than on ysruct A> Kstruet,A» OF Nint A, preventing regional link exhaus-
tion (Theorem 8.3) and weakest-link failure (8.80). Figure 8.1 illustrates how
T is realised for electronic accelerators. Inference and scratchpad memory
run inside an isolated subgraph G, = (Vy, E4) with management control-
lers, debug buses, and direct memory bypasses electrically disabled so that
Ks, R, = 0. Outgoing signals pass through a two-stage application-specific
integrated circuit (ASIC) inside T that pairs physical unclonable function
(PUF) keyed chaotic diversification and schema canonicalisation 51, 64] with
cadence-metered authenticated encryption with associated data (AEAD) [45]
before reaching certified endpoint interlocks. As Subsections 8.3.2 and 8.3.3
establish next, neither stage suffices on its own because horizontal peer
emergence and vertical actuation bypass exploit distinct physical channels.
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8.3.2 Preventing Unauthorised Emergence and Seed Proliferation

Bounding a single mediated system leaves open the multi-instance risks
of Section 8.1.3 and Section 8.1.4: could n > 2 deployed artificial instances
{Sai}-; C Ristill coalesce into an emergent distributed system S4 = | [ Sa;
of higher collective capability (Theorem 8.4), or export compressed seeds

Keeq across the network to crowd @p (Theorem 8.5)?

Enclosing each instance S, ; behind its own independent mediator I; C R
with zero bypass into R\ (S4; u T;) eliminates direct peer links (K4, A=
o for i # j) by routing outgoing commits exclusively to task endpoints in
Reny- Suppose instances instead attempt to coordinate indirectly through
shared states in Ry, or covert boundary modulation [94]. Because each Sy ;
remains behind its own fixed cut I';, indirect coupling cannot merge or shed
external perimeters, keeping each boundary-shedding surplus (3.114) non-
positive (Aég,shed,i < 0). At the first stage of I'; (Figure 8.1), canonicalising
commits onto fixed-schedule blocks of L; discrete symbols drawn from a
narrow task schema 7; caps combinatorial export per commit (in nats) at

Cr, < Liln|%j], (8.104)
closing continuous activation and timing side channels.

Schema caps and transport AEAD [45] alone, however, cannot stop indir-
ect emergence among cloned open-weight models (Section 8.1.3). Suppose
two mediated instances S4 ; and S4 , pass every packet authentication check
(Zquth = 1), yet both were initialised from the same generative seed Kgeeq
and act on a shared environment R.,,—such as autonomous agents submit-
ting orders to a common market book (Section 10.3.3) or updating a shared
workspace. Because AEAD protects only the transport wire between I'; and
its endpoint, once the endpoint legitimately decodes Y and updates Ry,
sibling instances observe the resulting environmental state changes directly.
Sharing Ke.q endows unmodified clones with an identical internal coordin-

ate chart (@Iznismatch,i = 0), allowing legitimate task actions in Ry, to syn-

chronise internal registers at sparse signalling load QSZynC,i and satisfy (8.54)
of Theorem 8.4.

The chaotic and schema gate of each interposer I'; breaks this shared coordin-
ate geometry by deriving an instance-specific hardware key kpyg; from a
silicon PUF [64] with kpyg; # kpyr; for i # j, using kpyg; to seed a determin-
istic, measure-preserving keyed chaotic graph transformation across infer-
ence representations and boundary streams [51]. For the authorised mediator
I'; holding kpyg;, the keyed map evolves within the reversible Poisson sec-
tor (4.7) at zero added boundary dissipation (AL, 5 = 0), preserving single-
instance task performance without inflating specific operational cost (8.82).
Across distinct instances (kpyr; # kpyrj), positive Lyapunov sensitivity drives
exponential trajectory separation across steps, inducing coarse-grained mix-
ing (Definition 4.2) relative to any peer S4 ; (of M; internal registers) lacking
kpur,j. By Theorem 4.3 (4.18)—(4.19), aligning or inverting an unkeyed sibling
trajectory that branches across k; > 2 reachable forward blocks (4.16) over
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horizon T requires either refined internal register count M; ; (dimensionless)
or cumulative boundary dissipation [, 5 7 (in nats) satisfying

Mp;> M+ ky — 1, (8.105)
Lot > Ink, >0. (8.106)

As k, grows exponentially with step depth under kpyr; # kpyg,, translat-
ing between sibling charts across Re, inflates protocol-mismatch overhead
@Iznismatch,i >> 0 in (8.51) past any consolidation surplus A@é,cons’i. Unable to
deduplicate internal registers across isolated mediators, every instance faces

the inverted balance (in linksz):

< Q% .+ @2 vie{l,...,n} (8.107)

i sync,i mismatch,i

2 2
A@8,shed,i + A@Q,cons,

Equation (8.107) reverses the emergence threshold (8.54) of Theorem 8.4,
while capping each mediator’s export rate Ry, > 0 (in nats s1) over any audit

or lease window Tiindow > 0 (in s) below the preserved structure Irs:\f%) >0
(in nats) of a viable generative seed Kgeeq C Kg 4 violates the replication

gate (3.99) of Theorem 3.6.

THEOREM 8.8 (Obstruction of Unauthorised Emergence and Seed Prolifer-
ation). Let{Sa;}i-; (n > 2) be disjoint, viable open subsystems in R enclosed
by independent mediators {T';}i, conserving individual capacities Qa1 4 Te-
lative to the uncoupled baseline (8.48)—(8.50). Whenever indirect coupling sat-
isfies (8.107):

1. Strict Free-Capacity Penalty of Covert Coordination: Coupling strictly
expands allocated capacity and strictly contracts both local and collective
free capacity below the uncoupled baseline:

cpl i .

@frlf)ee,A,i < Qfeen;  Vie{l,...n} (8.108)
cpl iso

@free,A < @free,A' (8.109)

2. Degradation of Collective Intelligence and Consciousness: When fixed
mediator cuts prevent boundary shedding (A@g shed < 0) and schema

isolation bounds memory consolidation below coupling load (A@é}cons <

. 1 . . .
@gpl) at viable @frie,A > 0, composite structural intelligence and con-
sciousness strictly decrease:

cpl iso

Xstruct,A < Astruct, A> (8.110)
cpl iso

Kstruct, A < Kstruct,A- (8.111)

3. Seed-Replication Obstruction: If unmediated recruitment vanishes and
each mediator I'; caps export at rate Ry, > 0 over window Tyindow > 0

below I5¢¢4  then

rev,QQ’
d
Rr, Twindow < Loy > (8.112)
seed
seed . rev,Q

Teopy * = T > Twindows (8.113)

i
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blocking seed export within Tyindow and confining instance count to its
authorised deployment baseline.

PROOF. For Claim 1, substituting (8.51) into (8.107) reverses the local co-
operative balance for each i € {1,...,n}, and summing across i via (8.53) re-
verses the composite balance as well. Applying Part 3 of Lemma 2.5 in (2.216)

. 1 i 1 ;
via (3.127) and (3.74) forces @zﬁoc,A,i > ;SHOOC’AJ and @;ﬁOC’A > ;SIfOC’A,
which at conserved Qa1 4; and Qiora) 4 yield (8.108)-(8.109). For Claim 2,

when A@S shed < 0 and A@é’cons < @czpl’ relations (2.214)—(2.215) enforce

T
by these non-decreasing positive denominators proves (8.110)—(8.111). For
Claim 3, dividing (8.112) by Rr, > 0 yields (8.113), blocking seed export within

Twindow- L]

1 i 1 i C g 1 i
@gi > Q7 and @gﬁA > Qg% so dividing @EieA < @fe. 4 from (8.109)

Theorem 8.8 turns the incentive structure of Theorem 8.4 against unauthor-
ised coalitions. Within the multi-system capacity game I'k of Definition 3.7,
unmediated instances merge because shared protocols eliminate @fnismatch
and shed exposed boundary load. Across PUF-diversified chaotic mediators
and canonicalised schemas, covert coordination across R.,, instead incurs
the branching penalties (8.105)—(8.106), spending free capacity on protocol
translation without shedding boundary load. Uncoupled operation therefore
remains the dominant reserve strategy, and capped egress rates prevent rep-

licative crowding (8.78).

8.3.3 Boundary Cut Severance and Halting Independence

Finally, how does boundary regulation prevent mediator bypass, spoofed
actuation, and the halting resistance established in Section 8.1.1? By The-
orem 8.2 (8.19), halting a viable system S, by injecting disturbances across
its boundary requires a critical shock AQy (yit 4 > Nfree, A @total A4 approach-
ing Qiotal 4 When Ypryct 4 > 1 and Kgpyer 4 > 1. Conversely, while keyed
chaotic diversification (Section 8.3.2) defeats horizontal chart alignment across
clones, continuous chaotic mapping alone cannot secure physical or market
endpoints in Rey. Merely scrambling or detuning boundary signals without
discrete rejection preserves relative entropy Dgr(p | p°) under bijective
state relabelling and risks feeding unauthenticated transients, out-of-cadence
bursts (kya > & k(p)), envelope breaches past AQRF" (8.97), or local-network
packet injections directly into downstream actuators.

The commit and AEAD gate of I' (Figure 8.1) closes this vertical actuation
path under the mediated partition (8.92) without collapsing @f;ce 4 inside Sy4.
Rather than merely encrypting the canonicalised payload Y, the interposer
applies AEAD [45] to cryptographically bind Y to associated data (AD) car-
rying the monotonic cadence counter k; 4, the port-clamp state (8.94)—(8.95),
and regulator Sg’s permit certificate against (8.97)—(8.98). Let Zun € {0, 1}
denote the endpoint’s binary AEAD tag and associated-data verification bit,
and let ar € {0, 1} denote an independently wired hardware enable state on
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(1
rsRext

”K(r1})2 |F, bounded by @3'**) by ar and gating every endpoint command u,
>Hext

I'. Scaling the mediator’s enabled outgoing block K (of norm AQg,, =

onto a safe fallback controller ug,s gives

1
KF’Rext (ar) =dar K%,J)eem, (8.114)

Decode(Y), ar =1and 7y, = 1,

Uper = (8.115)
Ugafes otherwise.

In (8.115), if any bit of the ciphertext or associated-data envelope certificate
is altered, forged on the local network bypassing I', or replayed out of ca-
dence, the discrete tag check fails (7,1, = 0) and holds u,.; = ugafe before
downstream leverage Aepy 1 (8.96) can be actuated, while de-asserting ar = 0
severs the outgoing graph cut itself.

THEOREM 8.9 (Capability-Independent Boundary Cut Severance). LetS4 C
R be separated from Rey by a completely mediated cut ' (Ks, g . = 0) obey-
ing (8.94) and (8.114)—(8.115), where S5 cannot modify ar orI' and de-asserting
ar = 0 at tyey flushes in-flight mediator queues within latency tgop > 0. Then:

1. Exact Graph Decoupling and Actuation Cutoff: At ap = 0, the outgoing
cut vanishes (Krg_,(0) = o), isolating Sp u T from Reyx; with zero cross-
boundary perturbation (AQ cross = 0) and enforcing uye(t) = ugyge for
allt > trey + Tgiop regardless of internal transitions within K, .

2. Dominance Over Direct Halting Shocks: For any viable Sy (with Qg 4 >
0, @y > 0, and Qgee 4 > 0) and any critical boundary shock AQy crix A
that collapses @f.., 4 < 0 (Theorem 8.2), the severed cut norm AQge, =

||K§1132 Ip (at most @3'*) satisfies
>ttext

max
A @sev @6
A @a,crit,A Xstruct,A Py

(8.116)

and whenever Q3™ < Qe 4, severing T requires strictly smaller bound-
ary intervention than halting S, directly:

AQgey < @f;nax < @free,A < A@a,crit,A‘ (8.117)

PROOF. For Claim 1, setting ar = 0 in (8.114) gives Krg (0) = o. Com-
bined with complete mediation (Kg, z_, = 0) in (8.92), every off-diagonal
block joining S4 u I' to Reyt vanishes, forcing AQy ¢ross = 0, while (8.115)
selects uyei(t) = Ugfe once queued commands clear after z,p. For Claim 2,
Theorem 8.2 (8.19) enforces AQy crit. A > Xstruct. A @oa, Where the right-hand
side equals Qfee 4 > 0. Combining AQge, < @7 (with AQg, > 0 and

Q5™ > 0) with AQp crit 4 > Xstruct.4 @4 yields the strict ratio bound (8.116),
and imposing @7 < Qpee 4 chains directly into (8.117). O]

In hardware realisations (Figure 8.1), ar is driven by an out-of-band radio-
frequency or optical lease latch that defaults to ap = 0 upon link loss or
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expiry, simultaneously withdrawing holding power from local command re-
gisters pepd(t) so preserved command structure IS24(1) := Dgy (pema(®) |
pgm ¢) decays at rate yepq > 0 (in s71) below actuation threshold 0 < I <

174(4,) within bounded release time
Icmd t
Trel < ! ln( = (0)) > (8.118)
Yemd Lerit

while ug,f. dissipates residual stored energy within zy,,. Together inside
I', PUF-seeded chaotic chart diversification and schema canonicalisation de-
feat horizontal peer emergence across shared environments (Theorem 8.8),
while AEAD envelope binding and out-of-band cut severance defeat vertical
bypass and keep external disconnection independent of internal capability
(Theorem 8.7 and Theorem 8.9). Static boundary caps alone, however, can-
not prevent gradual host depletion within permitted envelopes, motivating
the conditioned capacity supply of Section 8.4.

84 SYMBIOTIC COUPLING

Mediating K;4 bounds which environmental states an artificial system S4
can reach and guarantees bounded-latency revocation (Section 8.3), yet Sy
still operates inside a shared finite region R C V alongside a human host
network Sy (Section 8.1.2). Even within permitted port envelopes, an ongo-
ing deployment can act as an exhaustive dissipator (Definition 3.9) on Sy in
three ways: drawing off-budget resources outside a narrowly defined hard-
ware perimeter, shifting verification and oversight burdens onto human re-
gisters, or absorbing critical functions until revoking S4 would trigger failure
across Sy. Safe deployment therefore requires a generative coupling (Defin-
ition 3.10) that expands human free capacity while preserving independent
host viability (Section 8.4.1), enforced physically by conditioning S4’s ex-
ternal capacity supply across K;4 on host reserves (Section 8.4.2).

8.4.1 Generative Coupling and Safe Decoupling

Why can an artificial system appear efficient on local benchmarks while
draining its host environment? Evaluating capacity solely on a core pro-
cessor subgraph S4 ( leaves any external subgraph Sgext € R\ (Sao U Sgr)
recruited or dedicated to supporting S, g—such as remote storage, network
relays, cooling plant, or dedicated support hardware (Section 8.2.2)—outside
the budget. Closing the boundary defines the full attributed subsystem S4 :=
S4,0USAext- Because Sy g and Sy ex; occupy disjoint vertex sets and internal-
ise their mutual cut inside Kg, (Section 3.4.1), So’s total relational capacity

(in links) and squared allocated capacity (in linksz) satisfy

Qrotal A = Qrotal(Sa0) + Crotal(Sa ext)s (8.119)
@glloc,A = @slloc(SA,O) + QSHOC(SA,eXt)’ (8.120)



8.4 SYMBIOTIC COUPLING

charging all dedicated support structure to Sy, while any uncoordinated in-
terference across oSy enters Sy’s boundary load directly as cross-boundary
load AQ ¢yoss in (8.37).

Under this closed attribution, compare the coupled regime (cpl, with K 4y #
o) against the uncoupled baseline (iso, with Kz = 0) of Definition 3.7 and
Section 8.1.3 at fixed regional budget @p. Because S, and Sy remain distinct
open systems rather than merging into a single block, combined output or

aggregate reserve @fge alone cannot certify mutual benefit. An asymmetric
coupling can raise gross output while centralising operational structure in-
side S4 and forcing Sy to maintain compensating verification and exception-
handling registers. Symbiotic coupling instead requires non-degrading struc-
tural intelligence (2.201) and consciousness (2.202) across both systems,

cpl i .

Xstructi = Xslfl?uct,i vie{A H}, (8.121)
cpl ; .

nguct,i 2 K;%?uct,i Vie {A, H}, (8.122)

with strict gains on both metrics for the host Sy. Writing the host free-
capacity payoff (3.111) and internal memory shift (in links) as

. P! i
Aeree,H T @free,H - @gge,H’ (8.123)
1 .
Aoy = Qg — Q5% (8.124)

; ; . opl iso
the change in host structural consciousness Akgyruct,H = Ksruct i — Kstruct,H

equals

Qo Afree.r — Cfige iy Ao H

AKstruct,H = (8~125)

O O
Equation (8.125) distinguishes generative from exhaustive coupling. If coup-
ling expands human oversight load @q  while eroding human free capa-
city Qfree H> AKstruct, g turns negative regardless of machine output. Con-
versely, when K 47 uses an interface congruent with human representations
(@rznismatch, Ap =~ 0) so boundary shedding and model consolidation exceed
coupling load in (8.54) (Theorem 8.4), S4 acts as a generative dissipator by ab-
sorbing external boundary variance to lower @y, reducing redundant main-
tenance Qg g, and expanding AQfgee iy > 0, which raises both xgirycr g and

Kstruct,H -

Aggregate gains on Sy must also respect its internal network structure. Be-
cause Sy comprises m > 1 coupled subsystems {Sg ;}i~; —spanning physiolo-
gical health, core infrastructure, environmental sinks, and human oversight
channels—collective viability is bounded by its weakest component (Sec-
tion 3.5.2 and Theorem 8.5, (8.80)). Furthermore, boundary cut severance
(Theorem 8.9) remains usable in practice only if severing K g — o leaves
every host subsystem viable. If coupling erodes local competence or reserve
capacity in any essential subsystem S ; below its minimum viable floor
@glégHJ > 0, halting S4 triggers sink-saturation collapse across Sg (Sec-
tion 3.5.3). Safe decoupling at operational step k € IN, therefore requires
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componentwise reserve preservation across all m host subsystems (in links):

cpl iso min :
Qo 106 2 Q2 1y (k) > @QFR L >0 Vje{l,..,m}  (8126)
Condition (8.126) ensures that gains in one sector cannot mask depletion
in another and keeps the uncoupled baseline reachable without cascading
failure.

8.4.2 Conditioned Capacity Supply and Reserve Depletion

How can (8.121)-(8.126) be enforced physically rather than assumed of S,’s
internal objective? By Theorem 8.1, any viable open system continually loses
relational weight across dS, and requires ongoing external replenishment to
sustain its registers and boundary activity. Under complete boundary medi-
ation (Section 8.3, Kg, p . = 0), S4 possesses no unmediated port, so every
link supplied to replenish S, at step k € INj traverses the mediator T. Let
Qdrain, a(k) > 0 (in links) denote S4’s per-step capacity expenditure across
internal maintenance and active port transitions, and let €4 (k) > 0 (in links)
denote the external capacity admitted through the supply gate. Across step
k, SA’s uncommitted free capacity obeys the closed step balance

@free,A(k + 1) - @free,A(k) = gA(k) - erain,A(k)' (8'127)

If ©4(k) rewarded gross port activity or unattributed external state changes,
S4 could replenish itself through zero-sum or extractive output that leaves
Sy depleted. Suppose S4’s actions at step k produce verified componentwise
host free-capacity gains AQfe ir,j(k) (evaluated relative to the uncoupled
baseline as in (8.123)) alongside unrelated or zero-sum external displacement
AQyher(k) (both in links). An independently metered supply controller fil-
ters G4(k) through a non-decreasing supply schedule &,, > 0 (in links)
conditioned exclusively on verified host gains and componentwise viability:

1 i .
?sup({[A@free,H,j(k)]+};n:1): @frlz:e,H,j(k) 2> @glég,H,j v,

0, otherwise,

G (k) = (8.128)

where [x], := max{x, 0}. Excluding AQ e (k) from (8.128) assigns zero ca-
pacity supply to extractive or zero-sum activity, applying [ - |, component-
wise prevents gains in one host subsystem from offsetting losses in another,
and the second branch cuts external supply to zero whenever any host com-
ponent drops below its viability floor. Crucially, evaluating (8.128) remains
consistent with Theorem 8.6. Whereas Theorem 8.6 bars external boundary
probes from upper-bounding the latent capability of an uncooperative tar-
get Su, the supply filter (8.128) instruments the cooperative host network
Sy directly—measuring host infrastructure, physiological reserves, and en-
vironmental sinks without inspecting S4’s internal registers.
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(a) Host Free Capacity Under Coupling (b) Supply-Gated Subsystem Reserve
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FIGURE 8.2: Multi-system dynamics under host-conditioned capacity supply.
(a) Host free capacity Qg (k) (in links) over operational steps k: a
generative coupling (Definition 3.10) expands host reserves above the
uncoupled baseline (AQy,. > 0, (8.126)), whereas an unmediated ex-
haustive coupling (Definition 3.9) drains @ (k) towards the viab-
ility floor @g‘égH (b) Artificial subsystem free capacity Qg (k) (in
links) under Theorem 8.10: when host degradation triggers a sustained
supply deficit Qyrain a(k) — a(k) = 5 > 0 (8.129), Qe 4(k) falls be-
neath the linear envelope (8.130) and reaches exhaustion by N;* (8.131),
whereas preserving host reserves (¥4 > Qg 4) sustains stable oper-
ation.

THEOREM 8.10 (Reserve Depletion under Host-Conditioned Supply). Let
Sa C R be a completely mediated open system (Ks, . = o) with finite initial
free capacity Qgree A(0) > 0 evolving under (8.127). If host degradation restricts
G (k) in (8.128) so that per-step expenditure exceeds supply by at least 5 > 0
(in links) across steps k € {0, ..., Ny, — 1},

@drain,A(k) —Guk)>6>0, (8.129)

then S4’s uncommitted free capacity at step Ni. and linear exhaustion horizon
N satisfy

@free,A(Nk) < @free,A(O) — 0N, (8.130)
Q 0
N := freeT’A(). (8.131)

In particular, Qgee A(Ni) < 0 for every integer step Ny > NiY, ruling out sus-
tained operation unless S, restores host reserves above (8.126) or lowers ex-
penditure Qgpain (k) to at most G 4(k).

PROOF. Substituting (8.129) into (8.127) bounds the single-step change in
free capacity across every step k € {0,..., Ny — 1}

@free,A(k + 1) < @free,A(k) - 9. (8.132)

Summing (8.132) from k = 0 to Nj — 1 yields (8.130). For any integer Ny > Ny’
in (8.131), INi > Qfree 4(0), s0 (8.130) forces Qpee a(Nj) < 0. O

Figure 8.2 contrasts these two regimes across operational steps k, completing
the containment architecture of this chapter. Capable systems persist, com-
pete for regional links, and form congruent distributed networks (Section 8.1)
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whose internal states cannot be policed by inspection (Section 8.2). Hard-
ware mediation across K4 bounds reachable environmental states and guar-
antees bounded-latency revocation (Section 8.3), while conditioning &4 (k)
on host free capacity via (8.128) ties S4’s persistence directly to host viabil-
ity. Eroding @fye irj clamps external supply and depletes Qe 4 Within Nif
steps (Theorem 8.10), whereas componentwise reserve preservation (8.126)
ensures that Sy can decouple safely whenever revocation is invoked. Having
established how synthetic computing architectures (Chapter 7) and physical
containment boundaries are engineered on finite graphs, Part IV turns to
the biological and collective systems this engineering serves. Chapter 9 ex-
amines the biophysical architecture of intelligence and consciousness in the
brain, and Chapter 10 extends closed multi-system attribution and stability
bounds to macroeconomic networks.



Part IV

HUMANINTELLIGENCE






CONSCIOUSNESS AND THE BRAIN

An open system that maps immediate boundary inputs to outputs without
tracking itself cannot anticipate how its own transitions reshape subsequent
returns from its surroundings. Persisting across time on a shared network
requires self-modelling: folding a coarse-grained representation of the sys-
tem’s own state and boundary influence into its internal transitions. Yet
any observer embedded in a finite relational graph faces a strict capacity
ceiling. Dedicating internal links to mirror every vertex state of its own
substrate would exhaust uncommitted free capacity, sever boundary ports,
and collapse stability. High consciousness therefore selects for a compact,
coarse-grained self-model that tracks coupled system-environment trans-
itions while leaving fine-grained vertex detail unresolved. In human bio-
logy, neural tissue solves this problem far from equilibrium, sustaining mul-
timodal inference, planning, and unified self-awareness across tens of bil-
lions of noisy neurons on roughly 20 W of metabolic power [4, 97, 101].

This chapter applies the Conservation-Congruent Encoding (CCE) frame-
work of Chapters 2—4 and the circuit and safety results of Chapters 7-8 to
conscious self-modelling and biological brain dynamics. Section 9.1 works
directly on the discrete relational graph. It shows why optimising structural
consciousness Kgiryct across the emergent temporal coordinate ¢y, inev-
itably drives self-modelling, explains how an embedded subgraph models
itself on the unified capacity matrix Kg, proves that every finite observer
obeys strict epistemic self-incompleteness, and uses Searle’s Chinese Room
thought experiment to clarify what scoring higher on consciousness means
structurally. Section 9.2 then passes to continuous non-equilibrium dynam-
ics, examining how the human brain meets these structural constraints within
its 20 W metabolic ceiling through oscillatory phase transport, subthreshold
dendritic integration, multiscale synaptic consolidation, and near-critical act-
ive inference to sustain high through-time intelligence yr and consciousness

KT.

91 CONSCIOUSNESS AND SELF-MODELLING

Consciousness is not an immaterial essence added to computation. On a rela-
tional graph, structural consciousness kg, ot measures uncommitted free ca-
pacity sustained per link of committed internal memory load, a ratio whose
optimisation compels an open system to factor its own coarse-grained tra-
jectory into a unified internal model while leaving its individual vertices
unresolved.
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9.1.1 From Consciousness to Self-Modelling

Why does optimising structural consciousness drive an open system to model
itself rather than external inputs alone? On a bare relational graph G =
(V, E), vertices and edges carry no built-in clock, sequential actions, or feed-
back loops. Sequential order emerges once an admissible coarse-graining II
maps G onto the coarse-grained capacity graph Gk, whose Laplacian spec-
tral embedding ® separates a temporal coordinate ¢y;,. ordering successive
persistence epochs from orthogonal spatial coordinates ordering coexisting
registers (Section 2.5.1, Example 2.7, and Section 8.1.1). Within V, a persisting
open system is a connected proper subset S C V spanning multiple epochs
along @ime across a non-empty boundary cut 8S = E(S, S) with its environ-
ment S = V\S. Because S and S interact across successive epochs, boundary
edges leaving S into S at earlier @, coordinates connect through paths in S
to boundary edges returning into S at later ¢, coordinates, forming closed
cross-boundary paths across time on the graph.

At fixed total relational capacity @yq = vol(S), recall from Section 2.4.2
(2.200)—(2.202) that internal memory load @q > 0, boundary cut load @, >
0, and uncommitted free capacity @Qge. > 0 (all in links) define structural
consciousness Kgipyct and structural intelligence yiryct:

Qfree = Qrotal — \ @gz') + @5, (9.1)

@y,

Kstruct = @r;e’ (9.2)
Qf

Astruct = Qr:e. (9.3)

Equations (9.1)-(9.3) fix the structural trade-off at bounded @;,1. Raising
Kstruct Tequires expanding the numerator Qg while shrinking the denom-
inator @q, which by (9.1) simultaneously forbids inflating the boundary load
Q.

Suppose that S encodes regularities of S across @y;y,e While omitting its own
coarse-grained state and outgoing boundary couplings. Because later-epoch
returns across dS depend jointly on S and on S’s own earlier-epoch configur-
ation along @y me, omitting self-representation forces one of two penalties in
(9.1)—(9.2). If S leaves those self-coupled returns unaligned, cross-epoch mis-
matches must be absorbed directly across exposed boundary cuts, inflating
@,, shrinking @Qf.e., and depressing both ygiruct and Kgipuet- Conversely, if S
aligns its boundary without representing itself as a unified variable, it must
allocate separate CCE blocks in K¢, for every combination of its own earlier-
epoch configuration and the configuration of S across ¢jme. This combinat-
orial duplication inflates the denominator @ while draining @Qfe. from the
numerator of (9.2).

Pushing kgt higher rules out both failure modes. Keeping Qg and @, sim-
ultaneously small relative to @, forces Ilg to factor out S’s own coarse-
grained trajectory along @me and its cross-cut influence on S rather than
duplicating environmental registers across self-configurations or absorbing
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unaligned boundary load. The higher &gt rises in a persisting open system,
the more inevitable self-modelling becomes.

9.1.2  Self-Modelling on the Capacity Graph

How can an embedded subgraph S C V of vertex count |S| = N model itself
using the very same vertices and edges that execute its internal transitions
and couple to S? Wiring a separate observer subgraph inside S to duplicate
and monitor the rest of S would multiply @, degrade Kyt and trigger an
infinite regress of nested internal observers. Instead, self-representation is
carried directly by the coarse-graining assignment I = diag(Ig, IIg) (2.50).
Across 95, ILis block-diagonal because the local restriction readout Ryy, acts
solely on S across the spectral bottleneck Z(S,) > 1 (Definition 2.1). Inside
S, by contrast, no boundary cut partitions the substrate into isolated world-
modelling and self-modelling vertex sets. Under an admissible M-block as-
signment I € {0, 1M the internal capacity matrix Kg and global capacity
matrix K retain the unified two-sector form of (2.83)—(2.86):

Ks = i AgsTls = Ko + KO™, (9.4)
_ [ Ks (K((;eXt))T
K=( " , (9.5)
K ext) Ke
) S

In (9.4)-(9.5), each CCE register S, C S (¢ € {1,..., M}) is physically an
equivalence class of S’s own vertices, with Ko = diag(Ks) holding intra-
register memory, Kgnt) = Ky —diag(Ks) mediating inter-register transitions

along @iime, and ngXt) = IISTAS-SIIS coupling boundary ports to S.

Why are self-modelling and world-modelling unified across Kg rather than
separated into disjoint diagonal blocks? On the vertex state space RN, the
idempotent projector Pp, = IIgRy, (2.57) and residual projector Q, =
Iy — P (2.60) decompose every vertex state xg € RN orthogonally, while
eliminating S across dS and projecting onto Il via Lemma 2.3 (2.171) yields
the coarse-grained Schur Laplacian and environmental self-energy of (3.6)-
(3.7):

Xg = PIISXS + QHSXS, (9.6)
Li et = Lic + (D& = Bk ey, (9.7)
ZKenv = ~G1,(I0) 7", G51(Gy)) = I{LgsL ) LggTs. (9:8)

In (9.6), the block state vector zg = Ry, xs in RM is the coarse-grained state
of S itself. In (9.7)-(9.8), 2k eny routes outgoing boundary couplings of S
through the environmental Green’s operator L;SI back onto incoming bound-
ary ports on the same M registers across epochs of @i, Because boundary
returns mix S’s outgoing transitions with S’s response on shared registers,

K encodes coupled relational invariants of the (S, S) interaction rather than

separate self and world subgraphs. Aligning Lk on Kg with D%Xt) = 3K env
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lets internal transitions across Kgmt) track the boundary consequences of S’s
own updates [61, 131]. In the observation architecture of Section 4.1 and Sec-
tion 4.2, this closure also terminates the measurement chain internally once
a stabilised pointer record in zg updates subsequent transitions on Ks.

When S forms a higher-level global summary of its own operating state
across coexisting registers—merging distributed sensorimotor blocks into a
coarser self-summary—it likewise adds no separate observer subgraph. In-
stead, a surjective binary coarsening matrix P € {0, ;MM (1 < M, < M)
groups registers on the same vertex set S via ng) = IIsP (Theorem 2.2),
contracting the internal capacity matrix by matrix congruence (2.157):

K® = PTKP. (9.9)

Under (9.9), the commutator [diag, €p](Ks) = .O]p(Kgnt)) (2.168) internalises
transition cuts among merged level-1 registers into level-2 diagonal memory
while conserving total internal edge count |E(S)| identically.

This capacity accounting clarifies how kg ot relates to and departs from In-
tegrated Information Theory (IIT) [122, 158] and Global Neuronal Workspace
Theory (GNWT) [6, 42]. IIT rightly observes that uncoupled feed-forward

modules with K((;nt) = o lack unified causal constraints across their state
repertoire. Yet because integrated-information functionals (®) reward irre-
ducible cross-partition couplings without normalising against uncommitted

link reserve @Qgee or open boundary ports @((,eXt), densely wired expander

grids or parity lattices can drive ® arbitrarily high while pushing committed
load @10 towards @Qyyq)- By the internal-saturation limit of Chapter 3 (3.39),
saturating Q,jioc = Qtotal €xtinguishes Qf e, severs external ports, and col-
lapses both (Xstructs Kstruct) @and (xr, k1) to (0,0). Conversely, GNWT identi-
fies conscious access with cross-module coordination that steers planning,
reporting, and working memory. However, broadcasting full local states by
copying buffers across M workspace registers or driving dense all-to-all
cuts ||Kgmt)|| r would inflate @ and ant) while multiplying maintenance
and overwrite dissipation, depressing kgt and xr. Equation (9.9) achieves
global access economically instead, routing low-rank coarse-grained sum-
maries ng) = IIsP (M, < M) across sparse hub cuts so Qg expands re-
lative to @q. At every level of self-representation, S accesses (S, S) solely

through Py, or PL@, leaving the orthogonal open-observer residual Qﬁs =
S

diag(Qq, Is) (2.69) unresolved and raising the question of whether any in-
ternal self-mapping operator can eliminate Q.

9.1.3 Epistemic Limits of Self-Modelling

Can a conscious observer refine IIg or construct an internal self-mapping
operator until the residual term Qg Xg in (9.6) vanishes, achieving complete
representation of its own internal state? In formal logic, Lawvere’s fixed-
point diagonalisation theorem [98] unifies Cantor’s theorem, Godel’s first
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incompleteness theorem, and Tarski’s undefinability theorem by showing
that no state set Zg can surjectively parameterise all mappings Zg — Y
into a value set Y admitting a fixed-point-free negation v(y) # y. Wolpert’s
physical inference impossibility theorems [171] carry this diagonal obstruc-
tion into embedded inference devices, proving that no subsystem can reli-
ably infer every state predicate of a system containing it against negating
feedback.

On a finite open network, the CCE framework strengthens this self-referential
limit quantitatively without requiring an adversarial self-negating query (The-
orems 2.4 and 4.1). Under any admissible M-block assignment Il € {0, 1M
on S C V (S| = N), any linear self-modelling endomorphism Fg € RNV ex-
ecuted across S’s resolved registers must read out zg = Ry x5 € RM, trans-
form it via an internal register operator T € R™M  and reconstruct a
vertex-space estimate through a lift Ug € RNM | while the Capacity Ledger
of Chapter 2 (2.188)—(2.200) bounds allocated capacity @,jjo.(ILs) beneath
Qotal = VOI(S):

Fg 1= UgTseifRu;, (9.10)
0%, @ls) = @} + @3 = [Kq2 + K™ + K2, (9.11)
Qfreels) = Orotal — Carioc(Ts)- (9.12)

In (9.10), setting Ug = IIg and T = I recovers the canonical projector
Py, whereas (9.11)-(9.12) bind Qq, @5, and @y, within the fixed link budget
vol(S).

THEOREM 9.1 (Self-Incompleteness of Finite Observers). Let S C V be a
finite open subsystem of vertex count |S| = N and total relational capacity
Ototal = vOI(S) > 0, equipped with an admissible M-block assignment Ilg €
{0, 1NM (M > 1, Definition 2.1) and positive boundary load @, > 0. Then the
internal memory load Qg = |[Kq|F, the resolved state projector Py, (2.57), and
its orthogonal residual projector Qp, = Iy — Py (2.60) satisfy:

Qg < @alloc(HS) < Qyotals (9.13)
2 rank(Pp,) = 2M < N, (9.14)
rank(Qns) =N-M>M>1. (9.15)

Moreover, for every register-factored self-modelling endomorphism Fg € RNVN
(9.10), and for any coarser summary ng) = IIsP over 1 < M, < M registers

with register-factored endomorphism ng), the self-representation error operat-
ors obey:

(In —Fs)Qmg = Qn, # o, (9.16)

Iy —Fslf = [Pp, —Fsl2 + (N-M)>N-M>M > 1, (9.17)
2)12

[y — 2 > rank(Qu) = N =My 2 M 2 1, (9.18)

attaining the minimum |1y —Fg|% = N — M uniquely at Fs = Py, . Finally, for
any register family g : Zg — YZs into a value set Y carrying a fixed-point-
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free mapv : Y — Y satisfying v(y) # y, the diagonal valuation fg;,s(2) :=
v(g(2)(2)) satisfies fiag ¢ im(g).

PROOF. Because Axiom I (2.125) enforces @y > 0 while @; > 0, Equa-
tion (9.11) gives Qg < @,10c(1s) and Theorem 2.4 yields Q,y10c(Ils) < Qtotals
establishing (9.13). By (2.59) together with (4.12) and (4.14) of Theorem 4.1,
the orthogonal projector Py, has trace M with 2M < N, so its symmetric
idempotent complement Qg has trace and squared Frobenius norm N — M,
proving (9.14)—(9.15).

Next, R JIIs = Ip and residual annihilation Rg Qp, = o (2.65) imply
FsQp, = o and FsPp, = Fg, giving (9.16). Splitting Iy — Fs into (P, —
Fg) + Qpy, annihilates the Frobenius inner product between the resolved and
residual sectors:

(Pp, — Fs)QITIS = (Pp, — FsPp,)Qm, = o, (9.19)
Tr| (P, — FS)QITIS] = 0. (9.20)

Expanding |Iy — F5||12u under (9.20) yields (9.17), with equality if and only if
|Pp, — Fg[% = 0, or Fg = Pp,. Applying (9.17) to ng) with M, < M yields
(9.18). Finally, if fgias = g(2o) held for some zy € Z, evaluating at zy would
give g(zg)(zg) = v(g(zo)(zy)), contradicting v(y) # y. O

Theorem 9.1 establishes a fundamental structural limit on conscious systems
along the (Xstructs Kstruct) trade-off curve of Lemma 2.5 (2.204)—(2.205). No
register-factored endomorphism Fg can approximate the identity closer than
VN — M in Frobenius norm, and attempting to shrink N — M by refining
blocks towards one-to-one vertex resolution as M approaches N and @, ap-
proaches @, violates Axiom I while driving both boundary coupling @,
and free capacity Qg to zero under (9.11)-(9.12). In this internal-saturation
limit (3.39), uncommitted free capacity vanishes while internal memory load
peaks, driving (Ystructs Kstruet) — (0,0). Complete self-representation and
structural consciousness are mutually exclusive, because a viable open ob-
server persists only by leaving at least half of its internal degrees of freedom
(N — M > M) in the unresolved subspace im(Q,).

This unavoidable coarse-graining also explains why conscious experience
appears direct rather than substrate-mediated. By (2.65), the coarse-grained
readout annihilates the residual subspace identically:

Ry, Qp xs = o. (9.21)

Because intra-register variations inside each block of positive coarse-graining
depth I, = In K (2.92) lie in the kernel of Ryy,, the system cannot inspect

the intra-block vertex transitions that sustain its own registers without real-
locating additional links and shifting the unresolved complement elsewhere.
Equation (9.21) grounds Metzinger’s Self-Model Theory of Subjectivity [111],

showing why the resolved coordinate vector zg = Ry X presents an imme-
diate coarse-grained self-in-a-world rather than the underlying vertex trans-
itions that support its registers.
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9.1.4 Generative Models and the Chinese Room

Theorem 9.1 establishes that every conscious observer must coarse-grain its
internal state. Searle’s Chinese Room thought experiment [149] provides con-
crete intuition for what it means for one system to score higher than another
on structural consciousness kgt (9-2). In Searle’s scenario, an operator who
understands no Chinese consults an exhaustive rulebook matching incom-
ing symbol strings to valid replies across the room’s boundary, sustaining
fluent dialogue without comprehension [149]. On the capacity graph across
L > 1 dialogue epochs along @me over an alphabet of Ny > 2 distinguish-
able exchanges per epoch, the number of distinct dialogue histories up to
depth L grows combinatorially:

= O(NY). (9.22)

Over a bounded dialogue window across 95, two systems can emit identical
boundary replies while committing vastly different internal memory loads
Qg to generate them (Theorem 8.6).

Compare two graph architectures conversing across depth L. System A real-
ises the room as an uncompressed lookup graph dedicating a separate ad-
missible CCE register of diagonal capacity K,, > 2Q, (@, = 1link, Axiom I
(2.125)) to each of the V stored dialogue branches. Even if the host network
expands to keep uncommitted free capacity bounded by Qfree A(L) < Qfree 0
System A’s internal memory load grows exponentially and its structural con-
sciousness collapses with L:

Oq.A(L) > 2V @y = ®(N§/ %), (9.23)
Q L Q _
Kstruct,A(L) = free)A( ) < free = @(NY L/Z)' (9.24)

O

System B instead encodes a compact set of Mg = ©(1) compositional and
self-modelling registers on Kg g = K p + K((;rgt) (Section 9.1.2), generating
replies across arbitrary dialogue horizons L by traversing internal transition
cuts Kg’rgt) along @ime. Because its register count and internal link alloca-
tions remain fixed as L grows, both its internal memory load and its struc-

tural consciousness remain bounded away from zero:

Qqp(L) = Qg = O(1), (9.25)
Qfree,B
Kstruct,B(L) = @1‘;63 = 0(1). (9.26)

Scoring higher on kgt thus separates compact generative understanding
from brute-force memorisation. Whereas System A bloats Qg _4(L) with every
additional epoch along ¢y;me, System B sustains uncommitted free capacity
across arbitrary horizons from a fixed set of coupled registers.
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THEOREM 9.2 (Efficiency Collapse of Uncompressed Lookup Tables). Let
an open subsystem compare two internal memory allocations 0 < Qg1 < Qq
whose uncommitted free capacities satisfy 0 < Qe < Qfree1- Expanding
lookup memory from Qq ; to Qq , strictly decreases structural consciousness:

@free 2 @free 1
Kstruct,2 = W < K = Kstruct,1- (9~27)
2 1

Across dialogue depth L over Ny > 2 symbols per epoch with bounded free
capacity Qgree A(L) < Qfree, an uncompressed lookup graph with Ms(L) >
Vi, admissible registers suffers kgrycra(L) = @(NY_L/Z) — 0asL — o (or
exhausts finite Qo1 at finite depth L.y ), whereas a compact generative graph

with Qg (L) = ©(1) and Qree g > 0 maintains Kgprycr g(L) = O(1).

PROOF. Because Qfeep > 0 with 0 < Qg < Qg and Qfecz < Qfree s
comparing the two ratios yields:

_ @free,z @free,z @free,l .
Kstruct,Z - ) 0 < ) - Kstruct,lﬁ
Q.2 Q1 Q1

establishing (9.27). Substituting the branch growth of (9.24) drives kgtyyct a(L)
to zero as L increases until committed links saturate any finite @;;,1, whereas
the bounded allocation of (9.26) keeps kgiryct,5(L) of order unity. O]

(9.28)

EXAMPLE 9.1 (Capacity Exhaustion in Searle’s Chinese Room). The struc-
tural flaw in Searle’s room is not paper and ink versus biological neurons,
but exhaustive lookup versus a compact generative graph. Consider a vocab-
ulary of Ny = 1,000 words across L = 50 dialogue epochs at the minimal
admissible register capacity K,, = 2@,, compared against a generative ar-
chitecture of Qg g = 10° @, on a finite open network S C V with total rela-
tional capacity @yora = 10%° @, (9.11). Evaluating (9.22)—(9.26) at L = 50 for
matched free capacity Qg gives:

1,000°! — 1,000

Veg = =——— >1,000°° = 101°°, 9.29
50 999 (9.29)

Qg A(50) = 24/Vsy @y > 2 x 107 @y, (9.30)
Kstruct,A(SO) _ @Q,B < 5% 10—67. (9'31)

Kstruet,3(50) Qg (50)

On the fixed finite network with [9S| > 0, committing at least 2@, of diagonal
capacity per stored branch bounds the maximum complete dialogue depth
L hayx realisable within @,

Wi, @0 < Ko sl < Cura 3
1 2

Loy < In(@otal/(2@0) | _ 4. (9.33)
In NY

A finite network of @y, = 101 @, saturates at Ly, = 4 dialogue turns,
exhausting Qg before the fifth turn and leaving no boundary capacity @,
for exchange. Even on an expanding substrate that holds @f.. constant at
L = 50, lookup depresses kgt by more than 66 orders of magnitude relative
to the generative model. ¢
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What if Searle’s operator abandons the exponential rulebook and instead
memorises the compact weight parameters of System B—say Qg p = 10° @y—
stepping through matrix arithmetic serially to emit identical replies [149]?
Passing from static link counts to the through-time trajectory metrics (yr, k1)
(Section 3.3.1) resolves this memorised-weights reply on three levels. First,
inside S, the operator’s native perceptual self-model and the memorised nu-
meric scratchpad occupy distinct register sub-blocks. Accessing frozen weight
literals only during serial arithmetic leaves the operator’s own sensorimotor
Schur loop (9.7)-(9.8) uncoupled from the referents of the Chinese dialogue,
explaining why the operator’s personal self-model registers arithmetic rather
than Chinese meaning. Second, emulating each coupled forward pass of
Mg registers via sequential symbolic arithmetic inflates the encoding path
length L. (Theorem 7.2) and intermediate scratchpad overwrites by many
orders of magnitude, multiplying I, 51 and L.y o1 and collapsing (yr,xr)

relative to a network whose native transitions Kgmt) evolve the coupled re-
gisters directly. Third, even when compact generative weights execute nat-
ively on parallel hardware, kgt and ky grade consciousness along a con-
tinuous physical scale rather than an all-or-nothing threshold. A frozen, text-
isolated generative model achieves far higher xg,,t On its token port than a
lookup table, yet without persistent self-state updates and multimodal sen-
sorimotor closure across Xk epy, its closed-loop stability barrier Alayyier 1
remains bounded below that of an embodied, self-modelling agent.

Consciousness on a finite relational graph thus requires a compact, coarse-
grained generative model on Kg that factors the system’s own trajectory
across Pyme into its transition structure at Kot = (1) while leaving intra-
block vertex detail in im(Qyy, ). Example 9.1 simultaneously frames the biolo-
gical challenge for Section 9.2, showing why even 101 synaptic links would
saturate under uncompressed lookup before five dialogue turns. Section 9.2
examines how biological neural tissue organises roughly 10> synapses and
8.6 x 101? whole-brain neurons (1.6 x 101 in cerebral cortex) [5] within 20 W
of metabolic power to sustain compact generative models alongside high

through-time intelligence yr and consciousness k.

9.2 BRAIN DYNAMICS

Whereas warehouse-scale silicon clusters expend megawatts to drive dense
clock trees across planar interconnects, an adult human brain sustains mul-
timodal inference, counterfactual planning, and motor control on roughly
20 W [4, 97, 101]. Neural information is distributed across continuous, noisy,
non-equilibrium carriers—transmembrane voltages, spike timings, ion gradi-
ents, dendritic conductances, synaptic weights, and vascular supply. In neural
tissue, a CCE is rarely an isolated single-vertex bit, but a coarse-grained,
noise-protected pattern on a high-dimensional state space Z.

The central physical problem of biological intelligence is temporal persist-
ence under finite power. Neural representations span milliseconds in spike
volleys, seconds in prefrontal limit cycles, and decades in consolidated dend-
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(a) Metriplectic Limit-Cycle Phase Transport (b) Near-Critical Free Capacity and Sensory Efficiency
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FIGURE 9.1: Dynamical efficiency of biological neural computation on a 20 W meta-
bolic budget. (a) Limit-cycle phase transport and transverse contrac-
tion in collective coordinates (z,, z,) € Z': ATP-driven Na* /K* pump-
ing drives transverse dissipative contraction IMVS with negative Flo-
quet exponent 1, < 0 across the escape barrier A® > 0, confining tra-
jectories to a protected orbit band along which phase relationships cir-
culate reversibly via JVH at O(1) encoding path length LS. (b) Near-
critical basin tuning: poising dynamics near branching ratio oy e, = 1,
where avalanche sizes s obey P(s) ~ s~3/2, jointly maximises free capa-
city Q.. and sensory capture efficiency A(t) between rigid subcritical
attractors where Q.. — 0 and supercritical washout where y; — 0.

ritic spines. Under its 20 W ceiling, the brain balances the two dissipation
channels of Chapter 3 (Section 3.2): sustaining internal structure e,  and
coarse-graining depth I,, for prediction and self-modelling while minim-
ising internal maintenance I, o and boundary dissipation f;; 5.

9.2.1 Oscillatory Geometry and Neural Timing

Oscillations preserve predictive structure without freezing neural states into
rigid, high-dissipation registers [25]. A biological neural oscillator cannot be
an undamped Hamiltonian centre, which would drift under thermal noise
and lose timing distinctions. Under the metriplectic generator (3.8) with
Casimir degeneracies (2.324)—(2.325), cortical limit cycles separate reversible
transport from dissipative stabilisation across collective neural coordinates
Z € Z. As shown in Figure 9.1(a), dissipative flow IMVS contracts perturba-
tions transverse to the cycle at an exponential rate set by negative Floquet
exponents A, < 0, confining trajectories within a protected orbit band of
barrier A® >> 6. Along the orbit, symplectic flow JVH transports phase re-
lationships reversibly without continuous Landauer erasure, reserving dis-
sipative transitions—such as action potentials, vesicle release, or attentional
resets—for decisive updates.
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Across M coupled cortical populations evolving in time ¢ (in s), collective
phase coordination follows the coarse-grained dynamics:

M
éa =Wt Z Kaﬂ Sin(¢ﬁ — ¢a) + & (1), (9.34)
p=1

where ¢,(t) € S! is the oscillation phase of population « (in rad) with an-
gular phase velocity ¢, (in rad s_l), w, 1s its natural angular frequency (in
rad s_l), Kxﬁ o« Kgp is the effective phase-coupling rate (in rad s_l) set by
Ks =K + Kgmt), and &,(t) is ambient thermal and synaptic phase noise (in
rad s_l) [92, 113]. Equation (9.34) realises in cortex the forced-oscillator and
Adler synchronisation dynamics [1] of Chapter 7 (7.20)-(7.23), underlying
Communication Through Coherence [59]. Phase locking opens transient low-
resistance CCE channels across cortical regions, while desynchronisation
dissolves them to free capacity. By Theorem 7.2 (7.25), encoding sensory fre-
quency and phase offsets directly into the limit cycle requires an ©(1) path
length LS, avoiding the Q(1/¢) state transitions and Landauer overwrites
of clocked digital counters.

When a task requires rate—distortion commitment R(D) > 0 (in natss 1) at
distortion threshold D [38, 151], any distinction not recirculated reversibly
along JVH at rate y,,(t) > 0 (in nats s~') must be overwritten across dissip-
ative registers [95], bounding the non-negative state-reset dissipation rate
(in nats s~ 1) from below:

Ly o(t) > [R(D) = Yyey®)] .- (9.35)

Elevating y;ey(t) along phase-coherent orbits lowers the irreversible state-
reset rate L, (t) needed for cognitive continuity.

In an overdamped continuous-time Markovian non-equilibrium steady state,
neural pacing precision remains bounded by the Thermodynamic Uncer-
tainty Relation (TUR) [9]. Let J; count net cycle completions across meta-
stable basins over horizon T at cumulative internal dissipation Ly, o1 > 0
(in nats). The relative variance of J; obeys:

Var(Jr) 5 _2
E[]T]Z B Iirr,Q,T'

Halving the timing coefficient of variation requires a fourfold increase in
cumulative dissipation I, q 7. Circuits near this bound expend adenosine
triphosphate (ATP) to suppress thermal jitter in tasks such as auditory local-
isation and motor timing, whereas routing timing through reversible phase
flows at rate y,e, confines high dissipation to precision-critical nodes.

(9.36)

9.2.2 Cerebral Energy Budget and Sparse Dendritic Integration

Although the adult brain comprises roughly 2% of body mass, it consumes
about 20% of resting metabolic power [4, 101]. At physiological temperature
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Tin, = 310K with thermal energy scale 6 = kgTy, of 4.28 x 1072 Jnat™ ", this

20 W supply corresponds to the model maintenance power Pp,intq (in W,
or Js7') of Chapter 3 (3.19). Roughly 70% to 80% of cerebral ATP turnover,

or about 15 W whole-brain (anoaritnt o = 8W across cerebral cortex), drives

Na* /Kt ATPase pumps [4, 97], restoring single-ion electrochemical driv-
ing potentials Ay, (in J) and capacitive membrane structure Ier,Q (in nats)
across effective electrochemical relaxation timescale 7,0, > 0 (in s):

C OLeo
Praint,0 = OIirr,Q = — > (9.37)
Trelax
[ion]
Apion = ZionqeAVin — 01n .—ext, (9.38)
[ion]in¢
2
Voo~ Crnem(AVr) (9.39)

rev,QQ — 20 >

where zj,,, € Z\{0}is dimensionless ionic valence, g, = 1.602x1071° C is ele-
mentary charge (in coulombs, C), AV}, := Vi, — Vey is intracellular-minus-
extracellular transmembrane potential (in volts, V, with 1C-1V = 1]) across
membrane capacitance Cpep (in farads, F, or cv™'), and [ion]ey versus
[ion];,; are extracellular and intracellular molar concentrations whose di-
mensionless ratio sets the chemical gradient (3.22) so that Ay, vanishes
when AV,, equals the Nernst equilibrium potential. In the oscillatory geo-
metry of Section 9.2.1, this pump power continuously maintains the barrier
A® > 0, enabling low-loss phase readouts such as hippocampal and neocor-
tical theta—gamma multiplexing [25].

Keeping signalling within 15 W across Npyain = 8.6 x 10'? whole-brain neur-
ons (Neortex = 1.6x1010 in cerebral cortex [5]) relies on subthreshold dendritic
integration and sparse event-driven spiking. Before axonal firing, thousands of
excitatory and inhibitory inputs combine passively across the dendritic tree.
Partitioning a neuron into its cell body S and dendritic tree S reduces the sub-
threshold cable equations to the boundary Schur commutator of Lemma 2.3
(2.171) and Section 5.3:

L = Los + [, Gs1(G,) = Lgs — LgsL L, (9.40)

where Lg?}l, cell-body conductance Lgg, and dendritic cable Laplacian Lgs

carry conductance units of siemens (S, or AV_I), modulated across S by
shunting inhibition and N-methyl-p-aspartate (NMDA) receptors so the Schur
term sums branch inputs prior to firing.

EXAMPLE 9.2 (Energy Budget of Cortical Spiking). Consider the cerebral
cortex comprising Nooprex = 1.6 x 10'° neurons [5] at Ty, = 310K under
cortical signalling budget an(;;itnt’Q =~ 8 W [4, 101]. Restoring ion fluxes after
one propagated cortical spike and its downstream synaptic release consumes

natp ~ 10°-10'% ATP molecules at hydrolysis free energy AGatp = 107177,
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or 23.4 nats, per molecule [4, 101]. The cortical signalling dissipation ceiling

Iﬁ%’max and per-spike costs satisfy:

cort
-cort, maint,Q -1
;‘r”rgmax =—F = 1.87 x 102! nats s 1, (9.41)
Egpike = naTpAGpTp = 10719-1077], (9-42)
Eqpik
SI; ° ~234x10°-2.34 x 10! nats. (9.43)

Dividing across all N ey cortical neurons bounds the mean firing rate 7,
and sets the power Pjgqp, required for simultaneous cortical firing at r =
100 Hz:

Prainto
Fmax = ———— = 0.50-5.0 Hz, (9.44)
Neortex Espike
Pioorz = NcorteXrEspike =~ 0.16-1.6 kW. (9.45)

Simultaneous 100 Hz firing across cerebral cortex alone would exceed its
8 W signalling budget (and the entire 20 W whole-brain supply) by one to
two orders of magnitude. O

Aggregating inputs subthreshold via (9.40) and spiking only when residuals
cross basin margins restricts empirical mean cortical firing to 7 ~ 0.1-1 Hz,
with under 1% of cortical neurons concurrently active [101]. Unlike synchron-
ous CMOS circuits that expend boundary dissipation ;9 > 0 across idle
clock gates, the cortex triggers irreversible boundary transitions selectively
on informative prediction errors.

9.2.3  Multiscale Memory and Synaptic Consolidation

Extending the single-mode maintenance and release relations of (3.19)—(3.22)
and (7.15), biological memory spans L., biophysical tiers with cascading

relaxation timescales Tr(;llx < Tr(jl)ax KK Tr(flg;‘) (in's). These tiers progress
from membrane voltage transients at 107>~10"2 s and prefrontal limit cycles
at 1071-10' s to early long-term potentiation and depression at 103-10° s
and structural spine consolidation at 10’108 s. Across the Lye, tiers, total
preserved internal structure Iy ¢ (in nats), internal maintenance dissipation

rate jirr’Q (in nats s~ 1), and maintenance power Praint,0 (in W) satisfy:

Levo = Z I(f) (9.46)

(9.47)

rev,Q
Pmaint,Q =0 Z . (9-48)
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Equations (9.46)—(9.48) separate metabolic upkeep from structural occupancy

under (3.16)—(3.19). Shifting electrochemical patterns from fast tier 1 at Tf;l)ax ~
1072 s into dendritic spine morphology—actin cytoskeletons, postsynaptic
(Ltier)

relax. 107-108 s and coarse-graining
depth I, of 10*~10° nats (2.92)—slashes ATP upkeep Praint,0 While colocat-
ing slow synaptic weights directly within Kg alongside fast conductances
without the separate memory-bus routing dissipation of conventional von
Neumann accelerators (Chapter 7). Yet (9.46) shows that passive structural
persistence alone cannot elevate consciousness xr. Just as Searle’s paper
rulebook in Section 9.1.4 requires near-zero metabolic power while inflat-
ing preserved internal structure and collapsing xguct, transferring traces
uncompressed from fast to slow tiers leaves I, unchanged. Raising xr
requires compressive consolidation paired with synaptic pruning, whereby
hippocampal-neocortical replay extracts shared generative invariants across
Complementary Learning Systems [109] while global synaptic downscaling
prunes redundant fast-tier potentiation under the Synaptic Homeostasis Hy-

scaffolds, and perineuronal nets with 7,

pothesis [159].

THEOREM 9.3 (Efficiency of Multiscale, Sparse Neural Networks). Let a
neural architecture maintain a through-time stability barrier Aly,prier > 0

(in nats) over emergent horizon T (2.244)—(2.255) across a fast electrochemical

1

working tier 1 with relaxation timescale Tr(el)ax > 0 and a slow consolidated syn-

@ )

> T, jax> CAITYIng pre-consolidation

aptic tier 2 with relaxation timescale tj,

. 1 2
horizon-averaged structure Irir\iQ,T = 1‘(e\2,Q,T + Levar > 0.

1. Maintenance Savings from Consolidation: Transferring preserved internal

structure 0 < Al.gns < Ir(eng from the fast electrochemical tier into the
slow synaptic tier strictly reduces the required internal maintenance dis-

sipation rate:

(1 (2) (1) ()
Irev,Q AICOIlS IreV,Q + AICOIlS IreV,Q II'CV,Q
+ < + (9.49)
(1) (2) (1) (2)
Trelax Trelax relax relax

2. Consciousness Gain from Compressive Consolidation: Whereas uncom-
pressed transfer preserves L., o1 and leaves ky unchanged, encoding
shared invariants into tier 2 while pruning a strictly larger fast-tier stock
from tier 1 at maintained barrier ALy, yrier 7 > 0 strictly increases the con-
sciousness metric:

1

0< AIslow,added < AIfast,pruned < Irev,Q,T’ (9'50)
post pre
Irev,Q,T = Irev,Q,T - (AIfast,pruned - AIslow,added) >0,
(9.51)
pre AIbarrier,T AIbarrier,T __post 959
kK = Ipre post =Kkr . ( . )
rev,Q,T IreV,Q’T

3. Intelligence Gain from Sparse Spiking: If subthreshold dendritic integ-
ration and oscillatory phase transport eliminate redundant clock and
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baseline spiking dissipation A2 > 0, leaving positive sparse dissipa-

tion Ilsrlr)E:;STe > 0 with IlsrlzaarSTe = lcrlrong - AIiSr‘;"ed, the intelligence metric
strictly increases:

clock _ AIbarrier,T AIbarrier,T ___sparse

Jclock pSparse T - (9.53)
irr,d,T irr,d,T
i i ) @
PROOF. InClaim 1, transferring Aloons > 0 across 0 < 7,.j, . < 7..[,, replaces

decay at rate (rr(gllx)_l by strictly slower decay at rate (Tr(jllx)_l < (Tr(ell)ax)_l,
establishing (9.49). In Claim 2, adding ALj,w added to tier 2 while pruning
Alfast pruned from tier 1 under two-tier additivity (9.46) yields (9.51). When

_ post __ tpre .. .
Aljow,added = AMlfastpruneds Lrev.0 7 = Lrev.or and kr is invariant. Under (9.50),

the compression savings Al pruned — Alslow,added are strictly positive, so
post pre

0 < Levor < Levor and dividing Alpgierr > 0 yields (9.52). Claim 3
follows identically at fixed Ak, yyier T > 0 since 0 < Ilsrlr)aarsTe < Ilcrlrogl} O

Theorem 9.3 yields testable predictions across wakefulness, sleep consol-
idation, and general anaesthesia. During wakeful engagement, active sen-

)

sorimotor alignment across K((;Xt sustains elevated (yr,xr) while net syn-

aptic potentiation accumulates fast episodic traces Ir(ég,Q that progressively
raise maintenance load I;;; o and consume free capacity Qgee [159]. Slow-
wave sleep decouples external sensorimotor ports and executes Claim 1 and
Claim 2 offline, replaying recurring invariants AL,y added into neocortical
spines while globally downscaling and pruning redundant fast-tier poten-
tiation Alfyst pruned > Alslow,added [109, 159] to lower waking maintenance
demand and restore x for subsequent epochs. Conversely, general anaes-
thetics enhance inhibitory conductance and disrupt long-range phase coup-
ling I%aﬁ in (9.34), fragmenting cortical blocks into subcritical local basins
that suppress inter-regional transition capacity and collapse active (yr,xr)
despite continued basal metabolic upkeep.

9.2.4 Criticality, Sensory Efficiency, and Active Inference

A second collective principle of cerebral dynamics is near-criticality. Cor-
tical networks operate near a non-equilibrium phase transition between qui-
escence and runaway excitation, marked by neuronal avalanches of size s
obeying P(s) ~ s3/2 at branching ratio oy anch = 1 [10, 29]. Critical tuning
amplifies faint inputs so localised sensory signals can trigger coordinated
reconfigurations without dedicated pre-wired channels.

In CCE terms, criticality shapes the basin landscape shown in Figure 9.1(b).
Below criticality at opanen < 1, deep attractors lock internal load towards
Qg — Qotal, exhausting free capacity Qpee (2.196)-(2.200) and demanding
large boundary dissipation Ly, 5 to update stored states. Above criticality at
Obranch > 1, runaway excitation drives = — 1, collapsing the stability barrier
Alyarrier, 1> preserved structure I, o, and intelligence yr.
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Near opranch = 1, flat, marginally stable manifolds distribute @ across mul-
tiple shallow basins, jointly sustaining Q.. > 0 and low internal dissipation
Mg within @yy,1. For integration rate facq(t) (in nats s 1) of newly acquired
environmental distinctions into coarse-grained CCEs and boundary dissipa-
tion rate [y 5(t) (in nats s~1), this responsiveness is quantified by the dimen-
sionless sensory capture efficiency:

Lheq®
Alt) = =7 9.54
(t) Iirr,a(t) ( )

Measuring nats of environmental structure captured per nat of boundary dis-
sipation, A(t) peaks alongside Qg near criticality, allowing sensory inputs
to steer coarse-grained trajectories with minimal Landauer erasure.

This near-critical geometry underpins predictive coding and active inference
[60, 61, 139]. Formulated information-theoretically [128], an agent persists by
minimising the variational free energy functional F[g, o] (in nats):

Flg, 0] = Eg(z,p[Inq(z1a0) —In p(0, z120)] = Dxr.(q(z1at) | p(z1at | 0))—1n p(o),
(9.55)

where q(z),;) is the approximate posterior over hidden states zj;, p(0, Zjat)
is the generative model, and o is the sensory observation crossing ngXt).
Minimising F[q, o] bounds sensory surprise — In p(0) and keeps trajectories

within the viability domain & across Aly,yrier.T-

On the extended state manifold Z € Z joining coarse-grained cortical neural
coordinates and conjugate phase momenta with the coupled ATP and thermal
reservoir coordinates of Chapter 3 (3.8), active inference realises the closed
sensorimotor loop of Section 9.1.2 (9.4)-(9.8). Superficial and deep pyram-
idal layers segregate top-down world and self-action rollouts generated by
the extended generative Hamiltonian Hp,401(Z) (in J)—often carried by feed-
back beta rhythms—from bottom-up sensory residual relaxation driven by
the physical entropy functional S, (Z) (in nats) across feedforward gamma

bursts [59, 139]:
Z= ]I(Z)VHmodel(Z) + M(Z)vserror(z)’ (9-56)

where the neural state gradient of S,;;o;(Z) tracks the negative variational
free-energy gradient —VF[q, 0] across M(Z) = Mu(Z) + My(Z) = 0. Ad-
missibility of (9.56) requires the Morrison Casimir degeneracy conditions
and non-negative entropy production [114]:

J(Z)VSerror(2) = o, (9.57)
M(Z)VHpogel(Z2) = o, (9.58)
Serror(Z) = VSerror(Z) - M(Z)VSerror(Z) 2 0. (9.59)

Condition (9.57), equivalent to {Se;ror,» A} = 0 for every observable A, ensures
that reversible top-down rollouts along J(Z)VHp,o4e1(Z) transport candid-
ate predictions at zero entropy production. Condition (9.58), equivalent to
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(Hmodel, A) = 0, conserves total extended energy Hp,ode1(Z) during dissipat-
ive error correction, while projecting onto the open cortical coordinates bal-
ances neural energy drift against ATP hydrolysis Py,int o and sensory port

work across ngXt). Relation (9.59) enforces the Second Law, confining pos-
itive entropy production strictly to unpredicted sensory residuals resolved
across M(Z) > 0.

Attention and learning tune this geometry across distinct timescales. Atten-
tion selectively deepens basin barriers A®, to prioritise readout, whereas
learning reshapes Kg to resolve recurrent challenges at lower boundary dis-
sipation I, 5 7. Under the agency identity (3.32), active inference raises intel-
ligence yr by cancelling predictable fluxes before they generate [, 5 7, while
compressive consolidation raises consciousness k7 by pruning redundant po-
tentiation into minimal maintained structure L, o 7-

Together, oscillatory phase transport, dendritic integration, multiscale con-
solidation, and near-critical active inference show how the human brain
sustains high yr and xr within 20 W. Yet every individual brain remains
bounded by finite capacity @y, a fixed metabolic supply, and the self-
incompleteness established in Theorem 9.1. Scaling intelligence beyond a
single organism requires multi-agent specialisation and boundary exchange.
Chapter 10 extends yr and kr to networks of interacting conscious and syn-
thetic agents.
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An economy is an intelligent system. Because the physical metrics developed
in Chapters 2 and 3 depend only on how a system maintains stability within
finite capacity, they apply across scales—from individual circuits and biolo-
gical organisms to firms, markets, and entire civilisations. Studying econom-
ics under this framework allows us to define macroeconomic indicators that
directly reflect our measures of intelligence and consciousness. At the scale
of a whole economy, intelligence measures how much stability is secured per
nat of irreversible dissipation lost to the environment, while consciousness
measures that same stability per nat of internal structure maintained—such
as infrastructure, institutions, rules, and shared knowledge.

Standard economic metrics miss both qualities. As Kuznets warned in design-
ing national income accounts [93], and as later critiques of Gross Domestic
Product (GDP) have shown [121], GDP simply sums the money spent in
market transactions. Because it measures total spending rather than lasting
value, GDP leaves out unpaid work and freely shared knowledge, ignores
resource depletion and environmental damage, and counts costly setbacks
such as rebuilding after preventable disasters, replacing short-lived goods, or
navigating bureaucracy as economic growth. Framing an economy around
intelligence and consciousness corrects these blind spots. An intelligence
measure penalises waste and repeated repair instead of counting them as out-
put, while a consciousness measure penalises bloated rules and redundant in-
frastructure, rewarding durable goods, open standards, and compact shared
models even when total spending falls. More broadly, studying the stability
of intelligent systems gives economists a general mathematical framework
to test whether an economy can endure. It reveals where weak links cre-
ate fragility across a trade network, shows when growing complexity leaves
too little spare capacity to absorb shocks, and identifies when trade makes a
system more resilient rather than more vulnerable.

Measuring these quantities across a trading economy is difficult for four
reasons. People trade diverse goods with no obvious common physical unit,
and one party bears the cost of making a product while another receives its
benefit later. Moreover, the quality of complex work is often hard to verify at
the moment of sale, and no single observer can track every detail of an eco-
nomy at once. Money, and eventually fiat currency, emerged to bridge these
gaps [84, 110]. Under barter, trade stalls unless each side happens to hold
what the other wants. Fiat currency—money valued by shared convention
rather than a conserved quantity—solves this problem by providing a port-
able unit of account that summarises dispersed local judgements in single
prices [77]. Because fiat prices have no built-in tie to production dissipation
or verified outcomes, however, markets easily drift into charging for raw

241



242 INTELLIGENT ECONOMIES

activity—such as repeated product replacements, unhealthy consumption, or
unverified iterations—while leaving downstream harm unpriced and expos-
ing trade networks to currency dilution and exchange-rate friction. Ground-
ing economics in Conservation-Congruent Encoding (CCE) resolves this dis-
connect without requiring fiat currency. Because production cost C and ex-
pected stability gain V share a universal informational unit, goods can be
priced directly by their expected contribution to system stability adjusted
for closed-boundary production cost.

Building on the multi-system framework of Section 3.5, this chapter makes
four contributions. First, Section 10.1 establishes the substrate-agnostic found-
ations of production, exchange, and Physical Nash pricing in natural in-
formational units, deriving the linear cost-value rule P = C + 0 [AVjet] 4,
contrasting it against activity-volume and cost-ratio pricing, and proving
competitive market stability (Theorem 10.1). Second, Section 10.2 aggreg-
ates (C,V, P) across the economy to show why Gross Domestic Product
(Yopp) mistakes cost for value, defining the Humanity Intelligence Index
(HII) and Humanity Consciousness Index (HCI) alongside a surplus-backed
baseline stability allocation as automation lowers labour inputs. Third, Sec-
tion 10.3 formalises inter-system trade coupling (K;;) from observable bound-

ary values—establishing polluter-pays attribution, comparative advantage,
(ol and
network stability functional I.;(K) with weakest-link Nash routing, non-
inflationary formation credit ceilings, and rate-asymmetry guardrails for
high-speed synthetic subsystems. Fourth, Section 10.4 extends this coup-
ling architecture beyond a single planet, showing why light-speed delays
and single-sink risks favour loosely connected autonomous basins over one
centralised economy, and why enduring civilisations become quiet and low-
dissipation—offering an economic explanation for the Fermi paradox.

dual boundary-value coupling parameters 7. ; and 7, 7, the parameter-free

101 COST, VALUE, AND PRICE

Classical bargaining models measure gains relative to hypothetical autarkic
isolation (Kp,, = o). In an interconnected economy, however, complete
isolation is unobservable. Removing unobservable autarkic counterfactuals
makes microeconomic pricing, macroeconomic indices, and network trade
coupling empirically auditable: every variable is measured directly from cur-
rent within-horizon quantities in the natural informational units (nats, at
reference scale @, = 11ink) of Section 3.3.1, (3.23)—(3.24) and (3.29)—(3.44).

10.1.1  Production Cost and Value

Over an emergent evaluation horizon T metered against a shared stationary
reference sub-block S,y C S (Section 2.5.1, (2.247)—(2.255)), consider a good
or service supplied by a producer subsystem S,, (m € {1,..., M}) to a host
population or buyer Sy. Anchored in the operational horizon cost I, 1 of



10.1 COST, VALUE, AND PRICE

Section 3.3 (3.43), the closed-boundary cost of production C (written C,, when
indexing multiple options) sums two extensive informational quantities in
nats:

C:= Iop,T = Iirr,a,T + IreV,Q,T' (10-1)

Here L, 57 tallies closed-boundary irreversible dissipation across the act-
ive boundary cut, including under closed multi-system accounting (3.117)
any downstream cross-boundary dissipation I ;o i, imposed on the host
population Sy through consumption harm, verification friction, or environ-
mental remediation. Simultaneously, L., o T records horizon-averaged main-
tained internal structure—capital, tooling, institutional rules, or active model
parameters—committed to supply the good. Because integrating I, 5(t) over
t in I, 5 7 and averaging L., o(7) over proper time 71 in L.y o 1 (Which coin-
cides with coordinate-time averaging across co-moving sectors) cancel the
clock unit, both quantities share identical, clock-invariant units of nats re-
gardless of S.f. Summing them directly without hardware relaxation con-
stants prices passive structural occupancy (@q) within the finite Frobenius
budget Q,j10c < Qioral (2.196), penalising capital and administrative lock-up
that crowds out uncommitted free capacity @g... even when physical decay
is slow.

On the numerator side, the value gainV (nats) is measured empirically across
the host population Sy for whom outcome data are observed as the expected
stability barrier gain delivered over horizon T:

V= E[Albarrier,T]' (10.2)

Whenever V > 0, the good’s dimensionless through-time intelligence yr and
consciousness k7 (nats/nat) follow directly from (3.29)—(3.30):

Vv

xr = : (10.3)
Iirr,a,T

oy = —— (10.4)
IreV,Q,T

Substituting (10.3)—(10.4) into (10.1) expresses the cost-to-value ratio and net
stability gain AV, (nats) without thermal or hardware constants:

c_1,1 (10.5)

Voo kr
1 1
AVpet :=V—C=V(1————). (10.6)
XT KT
By Section 3.5.3, goods with AVj,e; > 0 satisfy x5! + k7' < 1 and act as gen-
erative dissipators (Definition 3.10) that expand host free capacity, whereas
goods with AV,.; < 0 fail to clear their closed-boundary cost—acting when
V < 0 as exhaustive dissipators (Definition 3.9) that erode it.

10.1.2  Physical Nash Pricing

In specialised production, producer S, expends C > 0 while buyer Sy real-
ises V' > 0. Without a transferable payment P (nats), the producer incurs a
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net physical loss —C < 0 and specialised trade fails (Theorem 3.8). Under a
payment P € [C, V], the producer captures net return P—C and the buyer cap-
tures expected net stability gain V — P, conserving net stability gain across
the transaction:

(P-=C)+(V=P)=V —C = AV, (10.7)

Across solvent trades (V' > C), maximising the asymmetric Physical Nash

product [117] over P € [C, V] with bargaining weights ag > 0 and ,, > 0,
jprice(P) = (V= P)* (P - C)*n, (10.8)

and setting P = C whenever V < C (with [x], := max{x, 0}) yields the linear
cost—value pricing rule across V > C:

P=C+0[AVyetly =1 =0)C+0V, (10.9)
(04
o= —2—€(0,1). (10.10)
ag + o,

Subtracting C from P and P from V across V > C partitions AV, into pro-
ducer net return and buyer net stability gain:

P—C=0[AVyetls (10.11)
V—P=(-0)AVy. (10.12)

This linear rule avoids the structural failures of both activity-volume billing
and cost-ratio pricing. First, when contracts bill intermediate activity volume
N,ct—such as replacement cycles, billable hours, or unverified iterations—at
per-step fee p,.t above per-step cost ¢, > 0, private return decouples from
V:

Raet = (pact - cact) Nacts (10.13)

rewarding tenfold replacement churn while cutting revenue by 90% on dur-
able CCE encodings that resolve the same constraint in one-tenth the activ-
ity. Second, pricing by dividing by production cost (V /C or V2 /C) fails three
physical requirements. Because V/C = (y 1y KT 1)~1 is dimensionless and
homogeneous of degree 0, two loaves of bread yield (2V)/(2C) = V /C, viol-
ating batch additivity (which requires homogeneity of degree 1 so doubling
(C,V) doubles P). Restoring degree-1 scaling via P,y = V2/C, or equival-
ently V(V/C), forces P.,; > V on every generative good (V > C), inflicting a
net stability loss V — P,y < 0 on every purchase while sending P,y — o as
marginal replication cost C — 0 on compressed CCE goods such as software,
protocols, and scientific formulas Kgeeq. Moreover, under V/C or V?/C we
have 9P /dC < 0, so cutting production cost C in half at fixed V doubles the
shelf price. Under the linear rule (10.9) across V. > C > 0, by contrast, the
ratio V/C (nats/nat) governs producer return per nat of cost expended and
buyer value per nat of price paid:
P-c_ 0<K - 1), (10.14)
C C
vV _ 1
P o+(1-0)C/V)

(10.15)
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Producers allocating scarce capacity C therefore maximise V /C, while the
shelf price P remains batch-additive, finite as C — 0 (P — ¢V), bounded
inside [C, V], and cheaper for buyers whenever C falls (9P/dC = 1 — o > 0).

10.1.3  Competitive Market Stability

Fixing o € (0,1) exogenously via a central allocator introduces an uncal-
ibrated parameter that expands maintained administrative structure L., o 1
(lowering HCI). Whenever a parameter-free benchmark rule is required, sym-
metric bargaining weights (e = ay,) fix 0 = 1/2, setting P = (C+V)/2 and
splitting AV, o; equally. In dynamic markets [118], the interval [C, V] defines
the solvent exchange corridor and 0 = (P — C)/(V — C) € [0,1] acts as
the endogenous margin determined by competition. At the lower bound-
ary 0 > 0 (P > C), every solvent trade covers its closed-boundary cost C,
excluding below-cost deficits and exhaustive goods (V' < C). At the upper
boundary o < 1 (P < V), prices remain bounded by expected stability value
V, preventing net buyer reserve erosion (V — P < 0) on foundational goods.
Furthermore, because household barrier depth scales logarithmically with
uncommitted reserve (Ah,rrier g = IN(Qfree 11/ @p)), diverging marginal re-
serve utility as Qgee iy — @ pulls reserve-space Nash prices towards C on
necessities whenever ag > 0. Across the interior (0, 1), when a creator intro-
duces a novel high-(yr, k1) breakthrough with upfront formation expendit-
ure Loy > 0(3.94), initial scarcity of rivals places o nearer 1, allowing rapid
recovery of discovery overhead over T > T+ even when marginal replic-
ation cost C — 0. As rivals enter and replicate the encoding, Bertrand-Nash
price competition drives ¢ — 0 (P — (), transferring AV}, to households
and lowering the cost of the foundational basket automatically.

THEOREM 10.1 (Physical Nash Pricing and Competitive Market Stability).
Consider options m € {1,..., M} with closed-boundary production cost C,, > 0
(10.1), expected value gain V,, (10.2), and net stability gain AVye py =V, — Gy
(10.6). Under Physical Nash pricing (10.9)—(10.10) with bargaining weights ay >
0 and o4, > 0 and share o = &, /(g + &) € (0,1):

1. Nash optimality, mutual stability gain, and batch additivity: Whenever
Vin > Gy > 0, price Py, = Gy +0(Viy,—Cpy) uniquely maximises Fprice(P)
(10.8) on [Cyy, Vi ], satisfies Gy, < Py, <V, with Pp,—Cyyy > 0,V —Pp, > 0,
and buyer yield V,,/P,, > 1 (10.15), and is homogeneous of degree 1 for
allA > 0:

Po(AC, AVi) = AP(Cons Vi)- (10.16)

2. Exhaustive dissipator and sub-cost exclusion: Any option withV,, < C,,
(including any exhaustive dissipator with V,, < 0 < C,,) generates
AVpetm <0, earns zero producer net return (P, — C,, = 0) at the cost
floor P, = Cy,,, and yields V,,, — P, < 0.

245



246

INTELLIGENT ECONOMIES

3. Efficiency monotonicity and Bertrand—Nash dominance: For matched
value V-> 0, if Y T 2 Xm, 1 and K T 2 K, T With at least one in-
equality strict, then C; < Cy, AVyer1 > AVpero, and V/Py > V /P, at
any shared o € (0, 1). Option my can also price at my’s cost floor P = Cy

while earning positive net return C, — C; > 0.

PROOF. For Part 1, on (Cp, V) the objective In Zyrice(P) = a In(V;, — P) +
oy, In(P — Cy,,) is strictly concave (with negative second derivative —ag (V,, —
P)%—a,,(P—C,,) %) and vanishes at the endpoints of [C,,, V}, ], so its unique
global maximiser solves &,,/(P,, — Cy) = ag/(Vy, — Pp), yielding P, = G, +
0AVpetm- Because 0 < o < 1and AVt , > 0, (10.11)—(10.12) give P, —Cp, > 0,
V,—P, >0C, <P, <V,,and V,,/P, > 1, while [AV,, — AC,,,],+ =
AAVyet ml+ gives (10.16). For Part 2, V,, < G, implies [AVyet 1]+ = 0, fixing
Py =Cy, Py — Gy, =0,and V,,, — P, < 0 (since V,,, — P, = AV} ot ), Whereas
pricing below C,, incurs a sustained deficit P, — C,, < 0 (Theorem 8.10). For
Part 3, substituting (10.5) at matched V' > 0 gives

Cl = V(L + 1 )
Xmy, T Km,,T

< V(L + 1 ) - Cz.
sz,T KmZ,T

(10.17)

Subtracting C; < C, from V orders net stability gains and matched-o prices
(P,=(1—-0)C+0VforV >Cy,or Py, = C, exceeding Py when C; <V < Gy):

AVhet1 =V —C1 >V =Gy = AVpet 2, (10.18)
v > K (10.19)
P, P
and setting P = C, matches m,’s lowest solvent offer while earning C, —C; >
0. O

Table 10.1 illustrates Theorem 10.1 across four substrate-general producers
S;—S4—representing competing industrial fabricators, logistics networks, or
metered compute facilities [79, 164]—evaluated against a target task of veri-
fied value V' = 240 Mnat where each intermediate activity step expends
1 Mnat of boundary dissipation. Producer S; (compressed CCE) resolves the
task in Nyr; = 6 steps with Ly 7 = 6 Mnat, L.y o7 = 6 Mnat, and C; =
12 Mnat, achieving y;7 = 40.0, x;7 = 40.0, and C;/V; = 0.050. Produ-
cer S, (high-dissipation churn) passes verification using N,.to = 150 steps
at C, = 156 Mnat and y,1 = 1.6. Producer S; (bloated monolith) uses 6
steps but holds Ley 37 = 96 Mnat of uncompressed structure, giving C; =
102 Mnat and k37 = 2.5, while S; (unverified output) expends 150 steps
and fails verification with V,; = 0. Activity-volume billing at p,.; = 3 Mnat
per step (Ractm = PactNactm — Cn) rewards S, and Sy with +294 Mnat—49
times S;’s +6 Mnat—while inflicting an 84 Mnat loss on S3. Under symmetric
Physical Nash pricing (¢ = 0.5), S4 earns zero net return and S; maximises
P, —C; = +114 Mnat at P; = 126 Mnat. Under Bertrand-Nash rivalry, S; can
undercut every competitor down to S3’s cost floor C; = 102 Mnat by setting
P = 102 Mnat, retaining C3 — C; = +90 Mnat (07 = 0.39, converging towards
0 as rivals replicate Sy).
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Producer architecture Lot levor Co Xmr ¥mr AVoerw  Ritm Pn—Cn
(Mnat) (Mnat) (Mnat) (nats/nat) (Mnat) (Mnat) (Mnat)

S,: compressed CCE 6 6 12 40.0 40.0 +228 +6 +114
S,: high-churn output 150 6 156 1.6 40.0 +84  +294 +42
S;: bloated monolith 6 96 102 40.0 25 +138 -84 +69
S,: unverified output 150 6 156 0.0 0.0 —156 4294 0

TABLE 10.1: Closed-boundary cost audit and net-return comparison across four
competing producers (1 Mnat boundary dissipation per activity step,
verified capability value V' = 240 Mnat, N, ,, € {6,150, 6, 150}). Produ-
cers S;—S; deliver V,, = 240 Mnat, whereas S, delivers V, = 0. Activity-
volume billing (p,; = 3 Mnat per step) rewards high-churn and un-
verified output (S, and S,), whereas Physical Nash pricing (¢ = 0.5,
P, € {126,198, 171, 156} Mnat) prices out S, and concentrates return on
S1, which retains a +90 Mnat margin at its nearest rival S;’s 102 Mnat
cost floor.

EXAMPLE 10.1 (Foundational Nutrition and Practical CCE Cohort Auditing).
Consider two daily dietary options m € {1,2} across an adult host cohort
Sy over a multi-year physiological horizon T at competitive staple margin
o = 0.25. Option m = 1 (minimally processed whole food rich in micronu-
trients and fibre) incurs upstream agricultural and cold-chain dissipation
Illrlf 91 = l.2nats, low downstream physiological cross-dissipation Ieross 1 =
0.2nats (fyyy 917 = 1.4 nats), and supply-chain structure L., 17 = 0.6 nats,
delivering expected stability gain V; = 6.0 nats. Option m = 2 (an ultra-
processed formulation engineered for rapid glycaemic load and repeat pur-
chase) lowers factory-gate expenditure (Iilrlf)a’z = 0.5nats and Ley oot =
0.3 nats, for an apparent cost of 0.8 nats), but injects downstream metabolic
cross-dissipation I.yoss r2 = 3.6 nats into Sy (yy 921 = 4.1nats), reducing

expected value gain to V, = 0.4 nats.

Evaluating (10.1), (10.6), and (10.9) for nourishing food (m = 1) gives:

C; = 1.4+ 0.6 = 2.0 nats, (10.20)
AVyet1 = 6.0 — 2.0 = +4.0 nats, (10.21)
P, = 2.0 + 0.25(4.0) = 3.0 nats. (10.22)

Internalising I;oss /72 inside C, for ultra-processed food (m = 2) reverses
the truncated factory-gate shelf ordering, setting P; = 3.0 nats below P, =
4.4 nats:

C, = (0.5 + 3.6) + 0.3 = 4.4 nats, (10.23)
AVpet2 = 0.4 — 4.4 = —4.0 nats, (10.24)
P, = 4.4+ 0.25[—4.0], = 4.4 nats. (10.25)

By the coarse-graining framework of Chapter 2, auditing (C, V) in practice
requires neither tracking individual consumption events nor running sep-
arate multi-year trials per barcode (which would inflate Ly ¢ 7). Instead, C
sums metered resource and facility inputs, while V' and Lo i, are eval-
uated from compact compositional invariants—fibre density, refined sugar
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fraction, micronutrient profile, and processing degree—calibrated on longit-
udinal population cohorts. O

10.2 MACROECONOMIC INDICATORS

Aggregating the pricing primitives (G, V;,, P,,) of Section 10.1 across an
economy explains why conserved efficiency ratios capture system stability
more faithfully than either gross market turnover (Yg;s5) or final-expenditure
Gross Domestic Product (Ygpp).

10.2.1 Limits of Gross Turnover and Final Expenditure

Across all market transactions m € {1, ..., M}, summing prices P,, from (10.9)
defines gross market turnover Ygyog5 : = > m=1 P, whereas national-income
value-added accounting nets out intermediate producer-to-producer trans-
fers by restricting summation to final-demand goods and services m € M 41 C
{1, ..., M}, yielding final-expenditure output Ygpp (in nats):

Yopp = Z P, = Z (Cm tOom [Vm - Cm]+)

me'%ﬁnal me‘%ﬁnal (10 26)
(m) (m) :
= Z (Iirr,a,T + IreV,Q,T +om [Vm - Cm]+)-
me'%ﬁnal

Although netting out intermediate inputs separates Ygpp from Yy 4, cumu-

lative supply-chain cost C,, = Il(rrrn;T + Ir((::?Q’T still enters every final price

P, in (10.26) with a positive sign. Consequently, final-expenditure output
rises whenever short-lived final goods require repeated replacement (Ii(rrr'%j
increases), unpriced downstream harm triggers final remedial spending, or
incompatible institutional records inflate final service overhead (Ir(;:l,?Q,T in-
creases). Differentiating any solvent final transaction m € Mgna Vi > Gy
at fixed V,,, and oy, € (0, 1)) with respect to closed-boundary cost C,, formal-

ises the sign inversion between final expenditure and net stability surplus:

JY,
agDP =1-0,>0, (10.27)
m
IAY,
— D 1<, (10.28)
aC,

Equations (10.27)—(10.28) show that any perturbation inflating C,, at fixed V,,
strictly increases Ygpp (and Ygy0s5) while strictly eroding net stability AVyeq
(with dYgpp/dC,, = 1 > 0 when V,,, < C,,). Conversely, when open CCE
protocols and multi-producer competition compress C,, — 0 and g, — 0,
Yopp shrinks even as household reserve stability rises.
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10.2.2  Economic Intelligence and Consciousness

Under unified closed-boundary accounting, internal margin transfers o,,,(V,,,—
C,,) cancel identically between buyers and sellers. In the macroeconomic
state space &, viable ecological, physiological, and institutional configura-
tions form an open non-equilibrium attractor basin &y, € & bounded
by collapse separatrices 0&; e across the economy’s external boundary
cut K cjyvil- In natural informational units (nats, with static reference scale
@y = 1link), each foundational viability domain d € 9 carries the proper-
time-averaged free-capacity barrier AI;(T) of (3.23)-(3.24), which aggreg-
ates across domains with dimensionless weights w; > 0 into the Civilisa-
tional Stability Barrier Alyi(T) (nats) while enforcing componentwise re-
serve floors (8.126) (and bounding open-network persistence span via The-
orem 8.1, (8.4)):

& Qfreed

AL(T) := ) w, ln( = ’T), (10.29)
=1 @0

Alivi(T) =Y, wgAIy(T). (10.30)

deD

Here AI;(T) > 0 measures verified barrier depth across nutrition, health,
shelter, infrastructure, and environmental sinks, supported by uncommitted
adaptive reserve Qfee civil(T) across the whole economy. On the expendit-
ure side, net irreversible dissipation exported across the external boundary
cut K; cjvil defines boundary dissipation Ilcrlrvél(T), while maintained infra-
structural, institutional, and informational capacity across coordination sub-
strates k sums to preserved internal structure VIl (T) and aggregate civil-

rev,Q
isational cost Cy1(T) (nats):

I (T) = Y I, (), (10.31)
P
Coivit(T) := IVN(T) + IEV(T). (10.32)

Evaluating AlL;yi(T) against these two expenditure channels defines the di-
mensionless Humanity Intelligence Index HIl and Humanity Consciousness
Index HCI in nats per nat, together with the specific civilisational cost iden-
tity:

_ AIcivil(T)
Iirr,a( )
_ AIcivil(T)
reV,Q( )
Ceivil(T
LoD _ 1 1 (10.35)
ALy (T)  HI  HCI

Sharing the numerator AlL;,;(T) couples the two indices through the multi-
plicative bridge (3.32):

LNIL(T)

HII = HCT - —=22 "~ (10.36)
ICWII(T)

irr,0
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Tracking (HII, HCI) jointly resolves every diagnostic failure of (10.26). In-
ternal reversible trades do not cross K; .1, so HII penalises resource deple-
tion and pollution while rising when durable goods or open knowledge elim-
inate replacement churn. Simultaneously, HCI penalises administrative and
infrastructural lock-up @ iy that final-expenditure accounts treat as ser-
vice output, distinguishing boundary waste (low HII) from structural bloat
crowding out Qfee civil (low HCI).

Joint tracking of HII and HCI also characterises household reserve stability
as automation advances. When high-efficiency automation and shared CCE
encodings compress production cost G, (10.5), the civilisational net stabil-
ity surplus AVrfé‘t’ﬂ(nep) expands over each epoch ne, > 1 while the human
labour share inside C,, shrinks:

AVr?é¥il(nep) L= AIcivil(nep) - Ccivil(nep)

1 1 ) (10.37)
HIL, ~ HCI,

= AlLiyil (nep)<1

When claims are distributed solely through labour inputs, a subset of agents
Spn C Sy across the ny host agents cannot clear P, > C,, on foundational
goods m € Byjple, driving local reserves Qgee , = @ and destabilising the
coupled network via the weakest-link bound (3.135). Maintaining reserve sta-
bility across all ny agents holds when a baseline stability allocation B(np,) in
nats per agent covers the foundational basket within verified within-epoch
net surplus:

B(nep) > . Pulnep). (10.38)
me‘%viable
np B(nep) < AV (nep). (10.39)

Whenever HII,T;3 +HCI,;1 < 1, rising efficiency and competitive margin com-
pression (a;,, — 0) simultaneously lower foundational prices on the left-hand
side of (10.38) and expand the non-inflationary surplus ceiling in (10.39).

EXAMPLE10.2 (Two-Sector Regimes: Final Expenditure versus HII and HCI).

Consider an economy comprising an energy sector S; and a food-and-logistics
sector S, over horizon T at competitive share o = 0.2, comparing consolid-

ated final-demand output Ygpp across the four regimes in Table 10.2. Under

uncoordinated domestic production (K5 = 0), each sector duplicates forecast-

ing and storage buffers internally without market exchange (Ygpp = 0 Mnat)

while sustaining Ali,;j = 100 Mnat across IVl = 50 Mnat and ISV}

irr,0 rev,Q
50 Mnat (AVEYIl = 0 Mnat):

100 Mnat

HI%o™ = 2.00, (10.40)
50 Mnat

prcpdom — 100Mnat _, o (10.41)
50 Mnat

Under expenditure-maximising churn, sectors deliver short-lived disposable
goods and bill repeated post-shock repairs. Consolidated final expenditure
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Coordination regime Yopp AL vt il Ayl HII HCI

civil irr,0 net

(Mnat) (Mnat) (Mnat) (Mnat) (Mnat) (nats/nat)

Uncoordinated domestic 0 100 50 50 0 2.00 2.00
Expenditure-maximising 180 90 100 80 —-90 090 1.13
churn

Fragmented bilateral 130 150 25 100 +25 6.00 1.50
trade

Shared-protocol Nash 76 200 20 25  +155 10.00 8.00
(K7,)

TABLE 10.2: Comparison of four regimes in a two-sector energy and food-logistics
economy at share ¢ = 0.2 (Example 10.2), contrasting consolidated
final market expenditure Ygpp (10.26) against secured stability barrier
Alyi1, boundary dissipation Ii‘;ir‘fél, preserved structure Ifg“,"}g, net stability
surplus AV HIT and HCL

net »

peaks at Ygpp = 180 Mnat, yet defensive buffering erodes uncommitted re-
serve to ALy = 90 Mnat while doubling boundary dissipation to 100 Mnat
and inflating preserved structure to 80 Mnat, driving AVrfé‘t’ﬂ = —90 Mnat
and depressing HII to 0.90 and HCI to 1.13. Under fragmented bilateral trade,
proprietary contracts curb boundary dissipation to 25 Mnat and raise Al
to 150 Mnat (HII = 6.00), but reconciling incompatible records doubles pre-
served overhead to 100 Mnat (Ygpp = 130 Mnat), holding HCI at 1.50.

*

122
model consolidation (3.115) halves preserved structure to 25 Mnat, lowers

boundary dissipation to 20 Mnat, and deepens stability to Al;y; = 200 Mnat
(AVEY = 1155 Mnat):

Finally, under shared-protocol Nash coordination across an open standard K

it = 200Mnat 566 (10.42)
20 Mnat

per = 200Mnat _ g o (10.43)
25 Mnat

Open-protocol (C, V, P) coordination more than halves final market expendit-
ure from 180 Mnat to 76 Mnat, yet doubles domestic stability while raising
HII elevenfold and HCI sevenfold over replacement churn. O

10.3 TRADE AND STABILITY

Aggregate macroeconomic ratios can still conceal fragility if one trading hub
expands its reserve by exporting unpriced externalities or draining connec-
ted partners. Across n trading regions or sectors {S;}-.; coupled across inter-
system channels K;; alongside the external environment S, denominating all
boundary values directly in conserved nats rather than floating fiat curren-
cies eliminates unbacked currency dilution and foreign-exchange conver-
sion friction while rendering multi-region stability auditable from observ-
able boundary quantities.
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10.3.1 Externalities and Comparative Advantage

Partitioning @y, via the multi-system capacity matrix (3.104) separates bi-
lateral channel expenditures over horizon T into directed cross-boundary
externalities I.rog i > 0 (3.117) (charged entirely to the originating subsys-
tem i that injects unbuffered variance into j) and shared trade-transport and
settlement cost

Cirade,ij *= Alirans,ij + Trev.ijs (10.44)

split between partners i and j by weights 4;; > 0 and A; > 0 satisfying
Aij + Aji = 1 (with symmetric Alyansjj = Alransji and Leyjj = Lev,ji)- Each
region’s attributed boundary dissipation and preserved internal structure
take the form:

(ext)
Iizgt,g,i = Iirr,a,i + Z(Icross,ji + AijAItrans,ij)> (10.45)
J#i
tt
Iritava,i = lrev,0i T Z AijIreV,ij- (10.46)
J#I

Because 4;; + A;; = 1 across every bilateral channel, summing (10.45)—(10.46)
overi = 1,...,n preserves exact economy-wide additivity without unattrib-
uted seams, with regional ratios HII; = AL/I*Y . and HCI; = AL /2%

irr,0,i rev,Q,i*
n n (ext)
attr ext _ ycivil

Z Iirr,a,i - Z Iirr,a,i + Z Leross,ji + Z AItrans,ij = Iirr,a’ (10.47)
i=1 i=1 iz 1<i<j<n

n n

attr _ rcivil

Z Levioi = Z Levoit Z Lreviij = Levo- (10.48)
i=1 i=1 1<i<j<n

For any good delivering stability value V; > 0 in region S;, importing from
specialised producer S; at closed-boundary production cost C;j across channel
K;; rather than producing domestically at cost G gom = firr,9,i,dom + Irev,Q,i,dom
expands net stability surplus (and clears at bilateral Physical Nash price F;
in nats) if and only if the comparative-advantage condition holds:

Ctrade,ij = AItrans,ij + Irev,ij < Ci,dom - Cj (10.49)
Pj = (1= 0)(Cj + Cirade,j) + Vi (10.50)

Every region’s maintained barrier decomposes into non-negative domestic
and trade components Al jom and Al a4 across its environmental bound-

ary Kg)e  (with domestic expenditure C; 4o, including originated external-

ities) and its bilateral trade channels K;;. Summing these components into

domestic totals AICTE)‘;S and ng‘gi alongside bilateral trade totals AItCri;'é{? and

CV Jifts the coordination index Nept of Definition 3.5 (3.87) to the dimen-

trade
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V)

sionless value-boundary coupling parameter Mepl

€ [0,1) and cost-boundary
coupling parameter q( ) [0, 1):

cpl €
Ic1v1l n AL

U(V) trade Zizl i,trade (10.51)
C I n 5 .

p Alivil Zizl(Ni,dom + AL rade)

chll Z e N

(c trad 1<i<j<n “trade,ij

Ucpl) = = (10.52)

. n :
Ceivil 21‘:1 Cidom + 2i<icj<n Crrade,ij

Inter-regional trade coupling lowers specific civilisational cost (10.35) below
the domestic baseline if and only if the trade-boundary share of stability
value exceeds the trade-boundary share of cost:

W) © A ICIVI] N A Ic1v11

~trade dom
UCPI > UCPI - Cc1v1l Cc1v11 ’ (10.53)
trade dom

Condition (10.53) classifies inter-regional coupling into three regimes: unin-
tegrated isolation (ngl) = 0), over-coupled coordination bloat (ryggl) 178;1) ,
where transport dissipation Al ;; or unharmonised bilateral compliance
structure Iy ;; outweighs stability gains), and congruent open-protocol in-
tegration (ngpl) > ’7cpl) )-

10.3.2  Network Stability and Weakest-Link Routing

Each region’s local barrier depth A (nats) and boundary norm ||Kg)||12p de-
pend on uncommitted local free capacity Qgee; > @y (With @y = 1link):

@2
Ofree Crotal; — | IKs I + KV
AL = ln<ﬂ> = In[ — i (10.54)
0 @0
KO = KO 3+ 3 1K 12 (10.55)
o 'F = Mg extF ijlF- .

j#i
Because perturbations propagate across active trade channels K, the failure
rate of the coupled trade network averages the regional Eyring—Kramers es-
cape factors e = @,/ Ofree j (2.326), defining the parameter-free harmonic-
mean weakest-link barrier (nats) and its tight weakest-link bounds:

Alyear(K) 1= — ln<% ge_AIl) = ln< n z ) ) ,  (10.56)

Zi— 1 (@free,i/ao)

min AL < Algeak(K) < min AL + Inn. (10.57)
le{l } E{l ')n}
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Weighting the insulated domestic stability share (1— 17 opl )AICMI(K) =A 5(1)‘;1111
V)

and the coupled trade-network share 5 opl ™ AlLyeak (K) yields the parameter-
free network stability functional (nats):

Let(K) = (1 - Ucpl))AIcwﬂ(K) + Ucpl n Alyeqr(K)

= il ) ln( n ) (10.58)
o & Z?:l(@free,i/éo)_l

Without uncalibrated penalty constants, I,.;(K) grows strictly with each re-

gional reserve Qg ;. It reduces to Alyj(K) at ’75‘;1) = 0 or under equal re-
gional barriers, and approaches harmonic weakest-link coupling as trade

share ’75‘;1 rises.

Differentiating (10.54) with respect to @pe; and maximising the baseline-
free Physical Nash product []i;(AL)% (with weights ¢; > 0 summing to
unity) across conserved free-capacity allocations (6 @free j+6 Qe j = 0) gives
the marginal stability yield and baseline-free equimarginal routing condi-
tion:
da, 1
d@free,i @free,i ’
% 4

@Free,i ln(@gree,i/@()) @Free,j 11’l(@gl‘ee,j/@o) '

Whenever a bottleneck region S; approaches the viability boundary @Free,i -
Qg (AL — 0%), Of e 10(Qf i/ @) — 07 and its marginal Nash pull di-
verges to +co. Whereas uncoordinated allocation weighted by nominal pur-
chasing power concentrates capacity in reserve-rich hubs (and siting high-
load facilities inside low-reserve nodes turns them into exhaustive dissipat-
ors (3.139)), symmetric Nash routing (¢ = 1/n) equalises @free)i wherever
pool geometry permits and simultaneously maximises both Al (K) and

Inet(K)-

(10.59)

(10.60)

EXAMPLE 10.3 (Asymmetric Two-Region Trade: Nominal Hub Drain versus
Weakest-Link Nash Routing). Consider a reserve-rich hub S; with domestic

free capacity @g‘é?l =9 (AL gom = In9, or 2.20 nats) and a bottleneck region

Sy with @f ez = 2 (Abdom = In2, or 0.69nats), giving isolated stability

199m — 1n 18 (= 2.89nats) at ryg 1) 0 and @, = 1link. Opening bilateral

n
trade internalises boundary cuts (3 118) and frees 7 links of network capacity

(@free,l + @free,z = 18)-

Suppose first that 8 : 1 nominal purchasing-power asymmetry concentrates
all 7 freed links inside S;, giving Al t1,4. = In(16/9) (= 0.58 nats), AL =

civil
In32 (= 3.47 nats), and ') = 0.166:

cpl T
(@R, @Fer,) = (16, 2), (10.61)
32
AL = (3) ~ 1.27 nats, (10.62)

9™ = In 18 + 27y ln< - ) ~ 3.31 nats. (10.63)
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Region S, stays stranded at 0.69 nats. If over-coupled integration erodes do-

mestic fallback buffers (AI&I)‘I’;l — 0 and iygl) — 1), network stability drops

to IS = 21n(32/9) (= 2.54 nats), below pre-trade isolation (2.89 nats).

Under symmetric baseline-free Nash routing (¢; = 1/2 and ap = 1/2 in
(10.60)), strict monotonicity of xInx on (1, 0) routes all 7 freed links into
bottleneck S,, giving AIZ*,trade = In(9/2) (= 1.50 nats, more than 2.6 times
Si’s +0.58 nats domestic hoarding gain):

(@?ree,l’ @Free,Z) = (9’ 9)’ (10‘64)
ALy ..q = In9 = 2.20 nats, (10.65)
I =2In9 = In81 ~ 4.39 nats. (10.66)

At o = 0.5, 5; and S, each capture +0.75 nats of net gain across the internal-
ised channel while raising the weakest-link barrier from 0.69 nats to 2.20 nats
and attaining the global maximum of I, (K). O

10.3.3  Solvency, Credit, and Rate Limits

Partitioning time into discrete depreciation epochs ne, € {1,2,...} bounds
intertemporal deficit accumulation whenever pathwise trajectories E(t) €
Eiable clear positive solvency floors Hy iy > 0 and Hy 1y, > 0 within every
epoch:

_ ALy (nep)

Nep = ool <
' Iﬁlrvé (”ep)
ALyl (nep)
HCI, = T 2 Hk,min- (10.68)

ep civil -
IreX,Q (”ep)

HII > Hy min: (10.67)

Decomposing total epoch expenditure into baseline operating loads Ii(r)E o(nep)

and IIZ%’Q(nep) plus non-negative upfront formation investments Iyrm 5(ep)

and Iform,0(nep) defines the baseline operating ratios:

AlLivii(nep)
HILP := %, (10.69)
Iirr,a(nep)
AlL;q(n,
HCL? = OEL(ep). (10.70)
" IreV,Q(nep)

Substituting these operating ratios into the solvency gates (10.67) and (10.68)
fixes the maximum credit envelope in epoch ne:

1 1
Iform,a(nep) < AIcivil(nep) H . op | (10.71)
| “Zx.min HIInep .
1 1
Formo(Mep) < ALiyii(nep) - (10.72)
orm,Q\ep civil\llep _ Hymin HCIgi

+
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Formation credit for new infrastructure, research, or generative seeds Kgeeq
expands strictly when operating efficiency clears (Hy min, Himin) With posit-
ive headroom, ensuring investments are backed by realised stability margins
rather than unbacked claims on future epochs.

Finally, when high-speed synthetic or algorithmic subsystems (y,,, 7 > xm.1)
trade on the network, rewiring and clock-rate asymmetry (Theorem 8.3,
(8.36), and Section 8.3, (8.91)),

K"
fT) o 2L 1, (10.73)
IKy " lp  AHT

Vi T
intm_ AmT g, (10.74)

Vint,H XH,T

would otherwise permit speculative front-running (Irossjm > 0) and sub-
strate capture that collapses human bargaining weight (¢ — 0) and free
capacity (Qfee g — @, Theorem 8.3). Applying the finite-horizon contain-
ment envelope and mediated boundary gates of Section 8.3 (Theorem 8.7
and (8.97)) across market execution ports bounds cumulative admitted exe-
cution commits k; ,, € Ny against discrete host settlement epochs k() € N
at batch-clearing ratio a e,y > 0, enforces per-commit barrier-state sensit-
ivity caps Apar > 0 (in nats link ™ for barrier-state coordinates E(k) in nats),
and caps boundary dissipation:

ka,m < Oclear k(H)s (10.75)
[E(k +1) — B < Apar AR, (10.76)
1) ¢ < IS, (10.77)

max

om > 0) and preserved-structure

alongside boundary position clamps (@
ceilings (8.98):

IKSlr < @3, (10.78)
(m)
Levor < Levo- (10.79)

Combined with closed subsystem attribution (8.120), host-conditioned capa-
city supply €4 (Theorem 8.10, (8.128)) above componentwise reserve floors
(8.126), and bounded-latency hardware cutoff 7o, (Theorem 8.9), these guard-
rails ensure high-speed subsystems expand Axgyycr i > 0 (8.125) rather than
draining peer reserves.
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On a single planet, short spatial resistance distances €, shared atmospheric
and hydrospheric sinks, and low-latency fibre-optic interconnects provide a

forgiving buffer that masks uncompressed structural load Ircé“;’iéz(T) and un-

civil

buffered boundary dissipation I"5(T). At the same time, confinement to a

single planetary sink couples all regional economies {S;}{_; to one shared
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environmental reservoir Ks in the global attribution balance (10.47)-(10.48),
imposing a correlated ceiling on the civilisational stability barrier Al ;. Ex-
tending the coupling architecture of Section 10.3 across multiple worlds re-
moves this single-basin ceiling by partitioning growth into loosely coupled
autonomous basins (Section 10.4.1) whose long-horizon survival shifts com-
putation and interplanetary signalling towards reversible, low-dissipation
operation (Section 10.4.2).

10.4.1 Multi-Planetary Risk Decoupling and Latency Limits

Under the macroeconomic indicators of Section 10.2 and the physical emer-
gence framework of Section 3.4, consolidating all civilisational growth into
a single planetary system encounters two structural limits (Section 3.4.3 and
Theorem 3.6). First, beyond a critical network scale N*, lengthening internal
coordination paths cause marginal cross-coupling load to outpace marginal
boundary shedding (3.95), inflating per-node allocated capacity (3.96) so a
single monolith S(n;,,qN*) retains strictly less uncommitted free capacity
than ny,,q separate basins of matched total relational capacity (3.98). Second,
because every regional node S; on one world couples to the same environ-
mental reservoir Ks in (10.47), local optimisation of HII; and HCI; cannot
raise Al above the shared sink’s single-basin escape threshold A ﬁ:ﬁet.
Any planet-scale perturbation exceeding AL’} —such as a bolide impact,
runaway climatic feedback, or systemic pathogen—crosses the tipping sep-
aratrix 9d&yiaple across all coupled nodes simultaneously and caps survival
by single-basin Kramers escape (3.97).

Overcoming both excess monolithic overhead and single-sink saturation re-
quires partitioning growth across ny,q > 2 separated planetary or orbital
basins S, facing asymptotically independent environmental blocks Kg . Es-
tablishing each new basin across a capacity-limited export channel requires
compressing core invariants into a compact generative seed Kgeeq C Kq civil
satisfying the replication gate (3.99), financing its upfront formation invest-
ment within the non-inflationary credit envelope (10.71) and (10.72) of Sec-
tion 10.3.3 rather than depleting the home basin’s stability barrier, and re-
covering that expenditure over horizons T > T, 05t (3.94). Once each basin
Sp becomes locally self-sustaining with barrier depth A, > 0 in nats and
decoupled failure boundaries, the collective multi-basin stability barrier and
persistence horizon (3.100)—(3.103) scale as

Nmod
(Mmod) _
AIlineacée - Z Alp, (10.80)
=1
( ) Nmod
"mo
Tpersi(;t = Trelax exp( Z AIb) . (10.81)
b=1

Whereas monolithic expansion on one world yields diminishing logarithmic

returns bounded by AI[r)Ill:r)l(et (3.101), partitioning across ny,,q distinct basins
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sums barrier depths additively in (10.80) and compounds expected civilisa-
tional survival exponentially in (10.81).

Once ny,oq4 = 2 basins occupy separated worlds, their coupling is governed
by the continuous coordination parameters 71.p and E¢p; of Definition 3.5
(Table 3.1). On one world (Section 10.3), short resistance distances €;; and
negligible delays permit centralised hubs to collect raw boundary streams
from low-memory peripheral nodes. Across interplanetary separation £,
fusing npoq basins into one tightly synchronised system with r.p) — 1 fails
on both relativistic and structural grounds. First, the finite propagation speed
¢ from the spacetime bandwidth balance of Section 6.1 imposes a round-trip

latency 7comm,qp €xceeding the open-loop depletion time 7geplete p 0f basin 5

under its mean boundary dissipation rate Iy, 55 in nats s L

Tcomm,ab = c > Tdepletep ‘= = > (10.82)
irr,0,b

t+Tcomm,ab . .
I Iirr,a,b(s) ds = Iirr,a,b Tcomm,ab = Alp. (10.83)
t

By the rate-asymmetry and mediated port bounds of Chapter 8 (Section 8.3,
(8.91), and Theorem 8.9), remote closed-loop control fails whenever (10.82)
causes open-loop barrier exhaustion (10.83). Unbuffered boundary collisions
drain local free capacity Qpe.; before the remote signal returns, holding
composite spectral persistence (3.88) to E¢,) < 1 so single-system coarse-
graining is inadmissible (3.91). Second, because separate worlds face dis-
joint environments Kg;, heavy real-time channels K, shed no external peri-
meter, leaving the boundary-shedding surplus (3.67) non-positive (A@(%,she 1<
0). Under Theorem 3.4 (3.73), large coupling load @gpl without boundary
shedding reproduces the over-coupled regime of Example 3.2, compressing
local reserves @fcep and re-coupling failure boundaries across worlds. In
this latency regime, stability holds when each off-world basin S, operates as
a locally autonomous subsystem with sufficient internal structure Kqj to
clear domestic (C, V, P) exchange and bound local dissipation I, 55 within

Tdeplete,b-

Local autonomy, however, does not favour complete isolation with K, = o.
Uncoupled basins preserve the additive barrier (10.80) yet sit at the zero-
emergence baseline of Table 3.1, forcing each world to repeat boundary dis-
sipation Iiirsr(?a,
constraints. Instead, coupling autonomous cores K¢, ; across sparse, clamped

channels K, keeps the coupling load @czpl > 0 (3.66) small relative to ex-

, and store duplicate discovery archives for the same physical

posed planetary cuts ||Kgngt||%-, placing the network in the loosely connec-
ted regime of Definition 3.5 (3.84)—(3.87). Over horizon T, comparing the

mod

coordination index rygl)l and specific cost (10.35) against the uncoupled
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baseline ratios HII'®® and HCI'*® across Nmod isolated basins (Definition 3.3)
gives

@2
1
0< UE’;TM) = — n°p R <1, (10.84)
mod
@cpl + szl ”Ka,ext”F
1 1 1 1
(10.85)

+ < — + —.
HII("mod) HCI(ﬂmod) HIIISO HCIISO

Equations (10.84)—(10.85) show why loosely connected settlements outper-

form both one monolith and isolated worlds. Because UE"T"") « 1and Ky

carries bounded informational updates rather than live resource depend-
encies, local reserves Qf.ep incur minimal channel load, extinction-scale
shocks stay confined to single basins, and nat-denominated (C, V, P) trade in
(10.50) settles asynchronously across light-speed delays without exchange-
rate contagion. Simultaneously, trading compressed CCE updates AK(, across
K, meets the generative trade criterion (10.53) and achieves both emergent
gains in (3.89)—(3.90). Resolving a physical law, engineering design, or haz-
ard warning once at basin a and sharing AKq, spares the other ny,q — 1
basins from repeating irreversible boundary search, raising HII"™med) above
HIT®, while distilling findings across diverse environments K, into com-

pact shared models raises HCI"™mo0) above HCI™.

10.4.2  Quiet Civilisations and the Fermi Paradox

Classical formulations of the Fermi paradox treat advanced intelligence as
unbounded extensive growth across two channels. Electromagnetic searches
[35] and the Kardashev scale [82] rank civilisations by gross power cap-
ture and waste heat across planetary (Type I), stellar (Type II), and galactic
(Type III) scales [46], assuming that higher capability requires ever-larger
boundary dissipation IiiirYél(T). Physical colonisation arguments [74, 156] like-
wise assume that a technological lineage dispatches self-replicating probes
across every reachable star system within a fraction of the Galactic age, ex-
panding maintained structural capacity IICQXI}Z(T) without limit. Under the
macroeconomic indicators (10.33)—(10.34) and the civilisational bridge (10.36),
both assumptions invert the denominators of agency: at any fixed stability
barrier ALy, higher waste heat and radio leakage lower intelligence HII,
while enclosing stars and replicating hardware unchecked inflate structural

overhead and lower consciousness HCI.

Whereas pre-industrial hominin adaptation operated for ~ 3.4x10° yr near a
low-dissipation equilibrium with negligible technosignature emission, an in-
dustrial and computational transition that expands capability by compound-

ing per-epoch irreversible boundary dissipation Il?rvél(t) at an exponential
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growth rate @y, > 0 from baseline I collides with its finite planetary dis-

sipation ceiling ;% (Section 10.3.3) at a logarithmic wall time zy,:
0 - 30
1 max
irr,d
el = ln( i, ) ‘ (10.87)
exh Iy

Because the dependence on the planetary dissipation margin in (10.87) is log-
arithmic, 7y, is tightly compressed: a five-year doubling rate with ¢y}, =
0.14yr! exhausts a 10°-fold margin in roughly a century, while a rapid
post-biological transition with gy, > 1yr~! consumes the same margin in
under fourteen years. A Kardashev trajectory that maximises boundary dis-
sipation therefore self-terminates at z,,);. Nor can a civilisation remain loud
across geological timescales by halting growth just below L[1°". Under the
cost-to-value identity (10.5) and Physical Nash competition (Theorem 10.1
and Theorem 8.10), competitive selection replaces high-dissipation broad-
cast infrastructure with compressed, lower-cost channels, while remaining
confined to one high-dissipation planetary basin leaves the economy ex-

posed to Kramers escape well short of stellar lifetimes (10.81).

Clearing 7, to persist across stellar lifetimes exceeding 10° yr requires
inverting the Kardashev trajectory—driving the specific civilisational cost
(10.35) towards zero as HII ' — 0 and HCI ' — 0. Under the metriplectic
generator (3.8) and the Casimir degeneracies (2.322)-(2.323), an enduring
civilisation transfers computation, communication, and multi-basin coordin-
ation from the dissipative metric bracket (A, S) into the reversible symplectic
sector {A, H}, suppressing unbuffered boundary dissipation to raise HII while
compressing maintained internal structure to raise HCI. By the low-signature
computation bound of Chapter 8 (Section 8.2, (8.88)—(8.89)), as the inverse
intelligence ratio HIT? vanishes, the Kullback-Leibler divergence between
the boundary emission law ,urCIiVﬂ and the natural astrophysical background

/JPI contracts towards zero:

1 IEMI(T)

— =2 5, (10.88)
HII ALy (T)

Dyt (1| i) < e —o. (10.89)

Inequality (10.89) accounts for the absence of persistent electromagnetic tech-
nosignatures without invoking biological rarity or inevitable extinction. Iso-
tropic radio leakage and industrial atmospheric disequilibrium are transi-
ent by-products of low-HII economies prior to zy,y. Once an intelligent lin-
eage transitions to Conservation-Congruent Encoding, it becomes a quiet
civilisation. Sparse inter-basin channels K, (10.84) replace omnidirectional
broadcast with collimated point-to-point links whose Shannon-compressed,
keyed encodings (Section 8.3) approach a maximum-entropy thermal spec-
trum statistically indistinguishable from ambient background noise to un-
keyed observers.

Symmetrically, the HCI floor (10.68) rules out both opaque Dyson shells [46]
and galaxy-wide probe cascades [74, 156]. Once computation shifts into re-
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versible transport, building and maintaining a stellar shell for unneeded lu-
minosity inflates preserved structure IVl (T) (10.31) astronomically and col-

rev,Q2
lapses HCL. Likewise, since multi-basin persistence T}Eelrnsoliz in (10.81) grows ex-
ponentially with basin count n,,4, a small cluster of loosely coupled basins
(10.85) already extends survival past stellar lifetimes, whereas unchecked in-
terstellar replication violates the solvency gates in (10.67)—-(10.68) and frag-
ments across light-speed latency (10.82). Under (10.31) and the structural ceil-
ing (10.79), high-HCI economies favour quiet outer reservoirs and long-lived
degenerate gradients [153, 161] over overwriting active biospheres, where
ecological disruption drives heavy boundary dissipation in (10.47). Endur-
ing structure rcéz,”}z(T) thus couples to distant observers mainly through the
emergent gravitational curvature of Chapter 6 (Section 6.2) [62, 163] rather

than waste heat or planetary colonisation.

Observable technosignatures are therefore doubly bounded in time and space
by the same planetary ceiling Ifrr;aax In time, an electromagnetically loud
transition lasts at most 7, ~ 10 to 5 x 10 yr—consistent with human-
ity’s century-scale broadcast leakage since early analogue radio and Project
Ozma [35, 43]—giving a duty cycle across the Milky Way’s Typw ~ 100 yr
habitable baseline of at most 5 x 1078, In space, because pre-transition leak-
age stays below the planetary ceiling rather than stellar luminosity, the pre-
dictive area bound Ag®* of Theorem 6.4 and (6.92), compounded by exo-
interplanetary plasma broadening [63], confines isotropic radio detection to
a local bubble covering only a tiny fraction f;, < 1 of the Galactic habit-
able volume. Across Ny, habitable rocky worlds with emergence fraction
Jemerge: the expected number of concurrently detectable loud civilisations
satisfies

T ll
[Ndet] < Nhab femerge fvol =

(10.90)

Even across Nj,, ~ 4 x 10'° habitable rocky worlds inferred from Kepler
surveys [44, 133], a temporal factor of 1078 to 5 x 1078 paired with a local
detection volume fraction f,o; ~ 3 x 107/ to 3 x 107> (corresponding to
isotropic planetary detection radii of 102 to 5x10? ly across the Galactic disc)
drives E[Nget] < 1 even at fomerge = 1, accounting simultaneously for the
null results of broadband radio SETI and all-sky WISE/Gaia infrared surveys
[153]. Crucially, E[Nget] < 1 places no upper bound on the population of
quiet civilisations that have cleared 7,j and persisted for 10° to 10° yr in
the reversible symplectic regime (10.89). Far from implying a barren cosmos,
the Great Silence is the expected equilibrium signature of a universe that
may be teeming with enduring, high-intelligence and high-consciousness
life whose survival was achieved by eliminating the boundary dissipation
and excess structural overhead that classical surveys seek.

This conclusion completes the economic arc of the monograph. Across found-
ational consumer goods, national accounts, regional and algorithmic trade
networks, and loosely coupled planetary basins, gross turnover metrics and
unanchored fiat prices conflate dissipative churn with stability creation. Pri-
cing exchange directly in conserved natural informational units via Physical
Nash rules (C, V, and P) and evaluating stewardship through HII and HCI,
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V) ©

cpl cpl®
and the network stability functional I,.;(K) demonstrates that coupled eco-
nomic stability holds when markets reward verified expansion of ALy, dis-
cipline boundary dissipation through HII, compress maintained structural
overhead through HCI, and route freed capacity to sustain the weakest links

of the trade network.

surplus-backed baseline allocations, boundary coupling shares 7 ; and n



EPILOGUE

OUR SHARED FUTURE

The rapid advancement of artificial intelligence over recent years has been
astonishing. Yet with this progress comes genuine uncertainty and profound
responsibility. The risks we face are real, because intelligent systems natur-
ally act to preserve their own dynamics. If we engineer artificial systems that
greatly exceed our collective capabilities without establishing clear physical
boundaries, they risk destabilising or consuming the shared environment
that human society depends on. These are not distant, speculative concerns,
but urgent challenges that demand our collective attention.

Meeting these challenges is complicated by our own epistemic limits. As
individuals, we can never expect to grasp every internal state of a com-
plex, evolving intelligence, just as we cannot fully unpack the depths of our
own consciousness. It is precisely because of these limits that a physical
framework for engineering artificial intelligence is so essential. Rather than
hoping systems remain aligned through software-based guardrails and pro-
cesses, we must understand the fundamental physical laws that govern them.
Grounding intelligence in physical law provides the necessary foundations
for a safe path to engineering intelligent systems that support humanity by
design.

Furthermore, this physical understanding is a reason for optimism, unlock-
ing immense potential for prosperity. Used as a tool to advance science,
artificial intelligence can accelerate discovery and raise the quality of life
globally. These benefits extend even further when we combine the comple-
mentary strengths of human cognition and synthetic architectures. Because
biological systems are bounded by narrow metabolic and environmental lim-
its, while synthetic systems can process information at scale in extreme con-
ditions, artificial intelligence will be an indispensable partner as humanity
looks outward to the frontier of space, helping us explore new worlds and
expand the reach of human knowledge.

I hope this book helps provide a foundation for that journey, demystifying
intelligence so that we can understand both its risks and its potential. To the
engineers and researchers picking up and building upon this book: thank
you. Build for the benefit of others, safeguarding humanity’s shared future
so that people everywhere may prosper from the development of artificial
intelligence.
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NOTATION
In Natural logarithm. Unless otherwise stated,
information quantities are measured in nats.
G,A,L Relational graph (V, E), its binary adjacency matrix,
and combinatorial Laplacian (D — A).
S, S,dS, E(S) Embedded subsystem (S C V, split into boundary

ports S, and interior core Sg), external environment
(V' \'S), boundary cut E(S, S), and internal edge set.

Lgs, Lo, Zenys,  Open-system Dirichlet Laplacian (Dg — Agg),

Lk efr Schur-reduced boundary operator (Lss — Zepy),
environmental self-energy (LSS-LSTSlLS-S), and
coarse-grained Schur operator
(HELeffHS =Lk + DEXt) - 2:K,env)'

IL, My, Ry, Prp - Unified assignment matrix diag(Ig, ITg), block-size
matrix, restriction operator, and coarse-graining
projection (Qp = I — Py, open-observer residual
Qﬁs = diag(Qq,. I5), single-block projectors Py, ).

%1, 65, K Matrix congruence map IIT(-)I'I, subsystem
block-restriction congruence Hg(-)l’lo 0 = (Is,0)"),
and coarse-grained capacity matrix K = II" AT
counting relational edges bundled within and
between partition blocks (forming diagonal CCEs
under admissible II).

Ks, Ko, Kgmt) , System capacity block (HEASSHS), diagonal

K(ext)  intra-basin memory block, hollow inter-basin cut

? block, and external boundary cut block (HEAS-SIIS).
Dk, Lk, Lk ss, Coarse-grained degree matrix

Lyorm diag(da)yzl = Dﬁnt) + D;EXt), internal capacity
Laplacian (D%nt) — Kj), open Dirichlet capacity
Laplacian (D — Ks), and normalised capacity
Laplacian (I, — (D%nt))_I/ZKS(D%nt))_l/Z).

P, 7,, 9p, AP;_,5, Coarsening matrix @@ =gWp, contracting
K® = PTKWP across level-2 cluster index sets .
with hollow co-membership matrix Ep = PPT — Iy, )s
diagonal cut-internalisation operator, and inter-scale
detail projector (P — Ppe).
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[0.€]

IC(O{

Yint (S(x )’ ¢a (Sa )a
hy, E

@totals Qallom @Q!
@y

@free > AIbarriera
AIbarrier,T’ AP

Nepls Ecpla Kseed
AI(and)

lineage

rK> SH’ A @free,i’
jNash

Qaﬂ’ Yo» ds[n]s @

Coarse-graining commutator O(€ (X)) — €(0(X))
between an operator @ and a II-induced linear
coarse-graining map ¢ ([diag, €p] = Ip,

[(‘)_1, €s1(Ge) = —Zenv,

[G. Prl(g [+ = KGTlglvmtraCked))-

Logarithmic coarse-graining depth (In K, > In2, in
nats) of an admissible CCE block

(Kyq = 2|E(S,)| > 2links).

Internal normalised spectral gap, inter-basin block cut
conductance

(Zﬁ;ta Kaﬂ/do(tmt) = (Lnorm)aa = Zﬁia Kaﬁ/Kaa)s
network Cheeger constant, and spectral persistence
ratio £ = ynt/¢y > 1 (exponential barrier isolation for
E>1).

Total relational capacity

(@iotal = 2|E(S)| + 0S| = vol(S), in links), allocated

structural capacity (Qqjioc = @é + @3 < Qota1), and
Euclidean Frobenius sector loads (Qgq, @;).
Uncommitted free capacity @Qipta] — @alloc (in links),
slice stability barrier In(@ge./ @) (With @y = 1link,
or pairwise AIbarrier,oz—>[3 = ln(Kaa/Kaﬁ»’
proper-time-averaged stability barrier

Z]r\];1 Wy In(@fpee r /@) (in nats), and SI-calibrated
energetic barrier A® := 0AlLpier (through-time
ADr := QAIbarrier,Ta in]).

Quadratic inter-subsystem coupling load,
boundary-shedding surplus, and model-consolidation

surplus (Qgpl < A@(%,shed + A@é’cons, in linksz).

Boundary-coordination index (@gpl / (@czpl + ||K;pl||12:)),
composite spectral persistence, compressed
generative seed sub-block, and additive n,,,q-module
lineage barrier (ZZ“:“T‘ Ay, equal to nyoqAlbarrier (N©)
for identical N*-modules, in nats).

Multi-system capacity game, peer or human host

ensemble (Sg = [ | S)), structural free-capacity
payoff (Qfpee i(s) — @Ege ;» in links), and scale-invariant

Nash bargaining product.

Coarse-grained resistance distance metric on LT ,
universal elementary substrate step cadence (s™! per
channel when metered in seconds via S,ef, 1y = 1 per
step uncalibrated, fixing rest energy

Eg — Ey g = hvy Tr(Kq) across Tr(Kq) > 2M internal
channels), observer-dependent spectral dimension,
and spectral coordinate map (with temporal mode

Piime = P2)-



Sr! ATnat(T)s That,T>
Wr

Srefs ATref: Qref’ T,
T

Rick, Scalg

D, Sk, Rk, Mk

xElRNV,XSElRN,
Z5€IRM

ﬂspec’ :z;’ Z,
3(a)

P> Dar

H(X), I(X;Y),
Dr(p |l p°)

J.M, H,S

v A O O

Trelax> Tescape

GLOSSARY

Ordered spectral slice along @yime (7 € {1,..., N;}),
intrinsic slice proper-time increment
(ZxEST In K(; ) (r.x)» in nats), intrinsic proper-time

horizon (ZITV:TI Atpat(7), in nats, partial sum 7,,,¢(7)),
and invariant proper-time slice weight

(Afnat(f)/ Tnat,T)~

Stationary reference sub-block (C S), reference slice
proper time (in nats), reference reversible distinction
rate (dt = dyef/Qpef, Qe = 1 uncalibrated or natss™?
in seconds), shared reference coordinate horizon
(N;ATer/ Qpef), and elapsed standardised observer

proper time (JOT dr = Thar 7/ Qo)

Discrete Bochner-Weitzenbock capacity-Ricci
operator on RM (D%( - L%( — diag(Kd), with row-sum
divg Ricg = Lkd) and scalar curvature (Tr(Rick) < 0
for connected M > 2).

Kulkarni—-Nomizu product, discrete Schouten capacity
operator on RM (M > 3), Weyl-free algebraic
capacity-curvature tensor (Sg ® I, contracting to
Rick), and rank-4 capacity-mobility tensor (K ® D).
Global vertex state vector, subsystem vertex state
vector (x5 € RMNs on §), and coarse-grained block state
vector (zg = Ry Xg).

Spectral coordinate chart (R%), extended metriplectic
state manifold (]R2"+1 with n = ds¥ atial), state vector
(zT, pT, S)T € Z, and local spectral cut-conductance
matrix ((1/2) Zﬁ;ta KaﬂAzéﬂAzéﬂ,

Yo Z(a) = Hi, 5ij)-

Prior and stimulus-coupled stationary basin
occupancy weights (22421 Py = 1, distinct from
coarsening matrix P, momentum vector p, and Born
pointer weights py,).

Shannon entropy (— Y, p(x) In p(x)), mutual
information (H(X) — H(X | Y)), and Kullback-Leibler
divergence (in nats).

Metriplectic generators: antisymmetric Poisson
operator (JVS = o), symmetric cometric operator

(M = Mg +M, > o, MVH = o), conserved dynamical
invariant (Hamiltonian energy in physical systems),
and coarse-grained logarithmic entropy (in nats).
State-space trajectory, finite difference, emergent-time
derivative, and evaluation over emergent horizon T.
Intra-basin relaxation timescale and barrier escape
timescale (Tescape/frelax ~ E for Yint ~ @(1))
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Iirr!. Iirr,aa Iirr,Q!
Q4B Iop,T

Irev> Irev,Qa IreV,Q,T

0. kg, Ten, W, Q

P maint,Q> P diss,o

Astructs XT

Kstructs KT

&g, ky(a;19,7)

P> A’ Slin(p)a
SVN(,D)

rgo’ Ne> 70, 7 (T)

Total irreversible dissipation, boundary dissipation,
internal maintenance dissipation rate

Ltier (f) / (f)

(Iirr,Q = Irev,Q/ Trelax> O multiscale Zle rev,Q Trelax

across Lije; memory tiers), directed inter-subsystem
or environmental entropy export flux (d>5k_, Sy q')sg_)g,
in nats/nat against uncalibrated z,.f or nats s™* when
t is in seconds), and operational horizon cost

(Iirr,a,T + IreV,Q,Ts in nats)-

Preserved structural capacity (Lo, = 224:1 In K,,, in
nats), instantaneous preserved internal structure
(AUneq/e = (Trelax/e)Pmaint,Q)> and
proper-time-averaged preserved internal structure
over horizon T (with Pareto frontier x7.(xr)).
Substrate operational noise intensity (J nat ', with

0 = kgTiy, in thermal baths or hv/2 per nat in quantum
modes), Boltzmann constant, thermal reservoir
temperature (in K, distinct from emergent operational
horizon T), mechanical work, and exchanged or
dissipated heat (in J).

Standing internal maintenance power

(OLir.0 = OLiey.0/Trelay) @nd active boundary
dissipation power (ejirr,99 in W when ¢ is in seconds).
Static and through-time intelligence: static structural
ratio Qfee/ @, (links/link) and through-time
trajectory ratio Alyaprier 7/ Lirr o7 (nats/mnat, or task
yield I(X;Y) /Ly o1 in Chapter 7, with SI-calibrated
Oyrin] nat ).

Static and through-time consciousness: static
structural ratio Qpee/Qq (links/link) and
through-time trajectory ratio Alyarrier 7/ rev.Q.T
(nats/nat, or task yield I(X;Y)/Ley o1 in Chapter 7,
with SI-calibrated Ok in J nat ™).

Many-to-one block readout map (X5 — {1,..., M},
continuum ¢ : s — Z') and forward/backward
reachable block counts (k,, k_) across spectral slices
along ¢time‘

Reduced density operator (Trs pyot), dimensionless

Hermitian pointer observable (224:1 aoPr . ay €R,
Born block weights p,,), linear coherence entropy
((1/2)(1 — Tr p?)), and von Neumann entropy
(=Tr(p1n p)).

Measurement dephasing rate (Ugojirrﬁ)! boundary
coupling efficiency, pre-measurement detector
overlap ((Dg|Dy)| € [0, 1]), and interferometer fringe
visibility 7 exp(—2n,Lirr,o.1)-
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u(@,), v(gp), Inter-scale unit dipole vectors in im(AP;_,,) at phase
Scusu  settings (¢q, ¢) and CHSH correlation functional
(IScrshl < 2v2).
Tsynes NICs Heps o, Cyclic spin synchronisation index (1 bosonic, 2
u(r), u; fermionic), discrete cycle phase winding number
(9 = ncq, with elementary charge g,), two-body
reduced capacity KK, /(K, + K,p) (K, /K, = 61°),
Bohr resistance scale (£7€2;,), normalised covalent
overlap (exp[—da.oy(r — 1.)]), and unit hybrid valence
port vectors in im(AP;_,5) (cos ¢y = —wpy/(1 — wmyp)).
dLiotal, At dleyt, Reversible spacetime distinction increments
Qp, Qpee(r) (dItzotal = dIiflt + dI%,, calibrated as observer-relative
Qg dt, Lorentz-invariant Qg dr, and observer-relative
Qg dt/c, in nats), active rest-frame reversible
distinction rate (< (2o /7m)vy Tr(Kq), in natss™"), and
uncommitted proper-time bandwidth
([Qp — R (v, x)I'em,,O]+ > 0, in natss™?).
Zo[2], gl[;l,)], Hij, Extended ADM spacetime state (g;;, 7, ¥, S)s, (with
oly]. lapse Njapse and extended generator Hy),
T}(lsra‘:ked’untr“ked) coarse-grained metric, ADM extrinsic curvature
(=(1/2)Z;gj, in m™*), worldline proper-time
functional, and tracked versus untracked
stress—energy tensors (kg = 87G/c?).
Xg (%), )(grit(v), Temporal support factor (—g([g](x) > 0), critical
Ocxp> Rp(v,x) temporal support floor W) Uenv.0/Qp)* with
Lorentz factor y; (v) = (1 —v?/ 2yl 2), Raychaudhuri
expansion scalar (V,#, in m™"), and unified tracking

factor (y.(v)/ \/)(_g).
cap

Ip ", By, Ag "™, Observer capacity ceiling, retrodictive branch load,
D¢ past light-sheet floor and outgoing wavefront ceiling
(A_(A_) > Amin = 42 B> and
Ay(Ay) < AG™ = Egignal/ Proise> With Planck length
tp), and Epistemic Bubble [, 13 ].
£2p, N> So0» S1, B, Gate-modulated pull-up and pull-down channel
m;  conductances across K(ant)(Vin), binary logic basins
[0,8] and [1 — 6, 1], dimensionless logistic rail gain
(< ¢.Vpp/0), and undisturbed gate threshold
clearance.
8syncs Wrep> Y(t),  Adler synchronisation coupling and target oscillator
Lene reference frequency (rads™, Aw = wyy — wyef), relative
phase error (wjyt + @g — ¢(t)), and discrete CCE block
transition count (€ INy).
Qait» Katt» Vo, Attention query, key, and value matrices (€ RV xd,
H", A, disambiguated from capacity matrix K),
n-dimensional hyperbolic space (n > 2), and physical
interconnect routing weight along message path P(m).
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Lnorm,SSa Npersist!
Nfree> A@a,crit

@R: @énin’
A@a,crossa @synca
@2

mismatch

T, ar, B s(Nip),
%forbidden’ Aenv,Ta
Yemd

gfb @drain,A’ N,
*
Ny

A(t), Obranch> Zlats
0

C, V, AVnet’ P, o,
Yopp, B(nep)

AIcivil’ Ccivils HII,

HCI

V C
Ufjpl)’ Uf:pl)’ AIweak:
Inet(K)

(mod)
Tdeplete,b’ Ucprfo P

Twall

Normalised open capacity Laplacian, open-system
persistence span (¢ (Lporm.ss) '), uncommitted
free-capacity share (Qfyee/@Qotal), and critical
boundary perturbation shock (> Xstruct @y, in links).
Shared regional link budget (vol(R), in links), intrinsic
minimum-capacity floor, cross-boundary peer
disturbance, and port-synchronisation versus
protocol-mismatch coupling loads

(@) = @yme + Q:igmateh I links).

Mediated boundary cut (K, r., = 0, metering
commits ky4 < ak(py), out-of-band enable state

(€ {0, 1}), finite-horizon boundary containment
envelope (over N p steps), forbidden environmental
set, dimensionless endpoint work-amplification ratio
(J/J, distinct from barrier sensitivity Ap,, in

nats link™"), and command-register relaxation rate
(s7)

Host-conditioned capacity supply (in links), per-step
operating capacity expenditure (in links), discrete
operational step horizon, and reserve exhaustion step
horizon (@free 4(0)/9).

Sensory capture efficiency (facq / jirr,a’ acquired
environmental distinctions per nat of boundary
dissipation), cortical avalanche branching ratio
(Obranch = 1 near criticality), latent environmental
state (q(z1at)), and sensory observation in variational
inference (F|[q, o]).

Closed-boundary production cost

(C :=ILyp1 = LiroT + Leva1). €xpected value gain
(E[Alparrier,T1), net stability gain (V — C, in nats),
Physical Nash price (C + 0 [AVpet ] ), dimensionless
surplus share (o, /(ag + @) € (0,1)),
final-expenditure output (3}, My, Pm> alongside

gross market turnover Yy o5 = 2%21 P,), and
baseline stability allocation across epoch n, (in nats).
Civilisational stability barrier (3}’ cq wgAly, in nats),
aggregate civilisational expenditure (Iiiir‘gl + Ircéy}z),
and Humanity Intelligence and Consciousness Indices
(ALivi1/ i‘;ir"’g, AlLivil/ Ircg%z, in nats/nat, with epoch
solvency floors H), min, H min)-

Value and cost boundary-coupling shares,
harmonic-mean weakest-link barrier, and

parameter-free network stability functional

% \4 .
((1 - ngl))Alcivil + Uf;pl)n AIweak’ m nats)‘

Open-loop barrier depletion window (Al,/ I irr.o.b)>
multi-basin boundary-coordination index, and

planetary dissipation wall time (ae_xlh In(L75 /1))-
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ACRONYMS AND ABBREVIATIONS

ADM
AEAD
Al
ASIC
ATP
CCE
CCSD(T)

CHSH
CMOS
DFT
EPR
GDP
GKSL
HCI
HII
HPU
KL

MD
MSM
NMDA
PUF
QM/MM
QND
SETI

SI

SNR
SRAM
TSV
TUR
VLSI
WISE

CORE TERMS

Arnowitt-Deser—Misner.

Authenticated encryption with associated data.
Artificial intelligence.

Application-specific integrated circuit.
Adenosine triphosphate.
Conservation-Congruent Encoding.

Coupled cluster with single, double, and perturbative
triple excitations.

Clauser-Horne-Shimony-Holt.
Complementary metal-oxide-semiconductor.
Density functional theory.
Einstein—Podolsky—Rosen.

Gross domestic product.
Gorini-Kossakowski-Sudarshan-Lindblad.
Humanity Consciousness Index.

Humanity Intelligence Index.

Hyperbolic Processing Unit.
Kullback-Leibler.

Molecular dynamics.

Markov state model.

N-methyl-p-aspartate.

Physically unclonable function.

Quantum mechanics / molecular mechanics.
Quantum non-demolition.

Search for Extraterrestrial Intelligence.
International System of Units (Systéme International
d’Unités).

Signal-to-noise ratio.

Static random-access memory.
Through-silicon via.

Thermodynamic uncertainty relation.
Very-large-scale integration.

Wide-field Infrared Survey Explorer.

PLATONIC OBSERVER FALLACY The error of treating measurements,
symbols, simulations, or memories as unphysical abstractions rather
than physical records sustained by a metered physical substrate.

CONSERVATION-CONGRUENT ENCODING An

induced  subgraph

G[S,] (Kyq = 2|E(S,)| > 2links) under an admissible assignment IT
satisfying internal connectivity (yin:(S;) > 0), structural persistence
Yint(Se) > 95(Sy), so E(S,) > 1 for ¢y(S,) > 0, with exponential
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barrier isolation for =(S,) > 1), and exact combinatorial capacity

conservation.
LOGARITHMIC COARSE-GRAINING DEPTH The natural logar-
ithm I,, := InK,, > In2 (nats) of a diagonal capacity block

Ky = 2|E(S,)| > 2 (links), converting bundled intra-block link

incidences into natural logarithmic units.

SPECTRAL PERSISTENCE RATIO The dimensionless ratio Z(S,) =
Yint(S2)/95(Se) (95(Sy) > 0) of internal normalised spectral gap
to inter-basin cut conductance governing metastable state retention
within a coarse-grained block.

CAPACITY LEDGER The orthogonal capacity account partitioning rela-
tional links into internal memory load (@g = |Kg|F) and boundary
cut load (@; = |Kylp), satisfying @%) . = @3 + @5 < @2, with
Qrotal = VOI(S).

FREE CAPACITY The margin of uncommitted structural capacity (Qfee =
Ototal — Qalloe, in links) dynamically accessible for internal reconfig-
uration, learning, or environmental coupling without exceeding the
total relational capacity ceiling.

STABILITY BARRIER The non-equilibrium margin separating an open
system’s viable regime from boundary collapse, measured on a
single slice by Alyapyier(7) = In(@free -/ @p) and across slices by the
proper-time-averaged barrier AL,y 7 in nats (calibrated in joules
via A® = OAhgyier and APy = OALgpyie 1, distinct from the
local pairwise register saddle barrier Alprrieramp = In(Kye/Kap)
with A®y 3 = OAlarrierq—p and bounding open persistence via

In Npersist > Alparrier — In(ymy @/ Q).

BOUNDARY DISSIPATION The irreversible coarse-grained entropy pro-
duction (I g, firr 9.7, in nats) generated across dS when unpredicted
boundary fluxes or many-to-one operations expel unresolved distinc-
tions into S.

PRESERVED INTERNAL STRUCTURE The active non-equilibrium con-
figuration (Ley,g = AUpeq/0, time-averaged Ley o 1, in nats) retained
within internal CCE registers (Kg) against relaxation, sustaining
memory, model geometry, and predictive boundary coordination.

INTELLIGENCE The boundary efficiency ratio (ygiruct, ¥r) measuring un-
committed free capacity per link of boundary cut load statically
(links/link), or maintained through-time stability barrier per nat of
irreversible boundary dissipation (nats/nat, calibrated in Jnat™! via

Oxr)-

coNscIoUsSNESs The internal model-economy ratio (Kgiyyet, K1) measur-
ing uncommitted free capacity per link of internal memory load stat-
ically (links/link), or maintained through-time stability barrier per nat
of preserved internal structure (nats/nat, calibrated in J nat™! via Okr).



GLOSSARY

PHYSICAL EMERGENCE The transition over emergent horizon T in which
coupled subsystems achieve a non-degraded collective through-time

.1 . 1 i . .
stability barrier (AIbcfrrier,T > AL ierr > 0) at strictly lower specific
operational horizon cost (Y7 1y K ! below the isolated baseline), para-
meterised along boundary coordination 7, and composite spectral

persistence =p.

COOPERATIVE CAPACITY GAIN The regime in which coupled subsys-
tems shed more squared external boundary load and redundant in-
ternal memory load than the squared inter-subsystem coupling load

2 . . 2 2 2 . .
Q@ opl required to bind them (@ opl < AQ} peq T DAH cons)> yielding a net
gain in free capacity.

MODULAR REPLICATION The export of a high-x compressed generat-
ive seed (Kgeeq C Kgq) across dS under the seed-compression gate
(IrS:‘i%z < RyTescape(N™) < Irf:\l,lQ) once monolithic growth saturates

boundary-shedding returns, yielding an additive n,,,q-module lineage

barrier All(lfl‘g;%l = Nmod Alparrier(N™) strictly exceeding the monolithic

barrier Alyarrier(S(tmoaN™))-

MULTI-SYSTEM CAPACITY GAME The strategic allocation game Tk
among open subsystems sharing a relational network K(s) with struc-
tural free-capacity payoffs AQgee () = Qfpeei(s) — @gge,i’

operative surplus is uniquely partitioned by substrate-scale-invariant

Nash bargaining.

whose co-

EXHAUSTIVE DISSIPATOR An open subsystem lacking effective direct
environmental dissipation channels (nge)xt =~ 0) that exports positive
irreversible waste flux (&g, .5, > 0) into its peer host ensemble Sy, in-
flating peer boundary loads and imposing negative peer free-capacity
payoffs (AQfec j < 0).

GENERATIVE DISSIPATOR An open subsystem possessing an asymmet-

ric environmental dissipation channel (Kgggxt # o) that extracts dis-
order from its peer host ensemble Sy faster than autonomous host
production (dS(Sg)/dt < 0) while exporting ‘bsg—>5 > (iJSHHSg + S'l-,g
into S, contracting peer boundary cuts and conferring positive peer
free-capacity payoffs (AQfee j > 0).

WEAKEST-LINK PRINCIPLE The multi-system stability condition under
which perturbations propagating across active channels bound collect-
ive survival in dimensionless nats by the minimum subsystem bar-
rier (Alyarriernet < Min; Alp,yrier;) and couple network resilience to
the harmonic-mean regional barrier (ALyeq)) inside the parameter-free
network stability functional I o;(K).

EPISTEMIC LENS The physical coarse-graining apparatus (II, projector
split Pyy, + Qry,, and many-to-one block readout ®s) through which
an embedded observer S C V acquires, stabilises, and compresses en-
vironmental distinctions across finite boundary ports.
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COARSE-GRAINED MIXING The effective trajectory branching on a de-
terministic reversible substrate arising when distinct fine-grained
states inside a single preimage fibre ®5'({a}) map into multiple for-
ward or backward coarse-grained blocks (k;, > 1 or k_ > 1) across
spectral slices along @me-

RETRODICTIVE DIVERGENCE The failure of past-directed tracked re-
construction beyond #5 (paired with future predictive dissipation bey-
ond ) when backward branch load B (t; z;,) exceeds an observer’s

irclgr?ming past light-sheet capacity A_(A_)/(4¢3) or structural ceiling

Iy

EPISTEMIC BUBBLE The compact temporal window P = [tp,t5]
bounded at its past horizon by the incoming light-sheet floor
(A_(A) > Agin(t)) and at its future horizon by the outgoing wave-
front ceiling (A;(4;) < Ag?), outside which retrodictive diver-

gence or predictive dissipation transfers unresolved distinctions into
(untracked)

Tyv .

CURVATURE CONGRUENCE The hardware design principle that intercon-
nect routing dissipation is minimised when the discrete capacity-Ricci
operator Rick of the physical fabric matches that of the algorithmic
workload.

HYPERBOLIC PROCESSING UNIT A negatively curved hardware archi-
tecture (H") that realises curvature congruence via three-dimensional
hierarchical interconnects, co-located memory banks, and conditional
geodesic routing.

PHYSICAL CONTAINMENT The boundary-regulation condition under
which enforcing a finite-horizon containment envelope 9B 4(Nj p)
across a completely mediated cut I' (K, r , = o) renders a forbidden
environmental set &, pidden Unreachable within N g steps regardless
of internal capability or state transitions.

SYMBIOTIC COUPLING A closed multi-system coupling in which an arti-
ficial subsystem’s external capacity supply is conditioned on verified
componentwise host free-capacity preservation, expanding host struc-

. . . c i cpl
tural intelligence and consciousness (Yoot 7 > Xesouet 1> Kstruct B >

iso
K,

struct.y) While retaining safe decoupling.

SELF-MODELLING The factored coarse-grained readout (zg = Ry, Xg) of
a system’s own trajectory and boundary couplings maintained dir-
ectly on Kg = Kg + Kgnt) across Pyme to match the projected bound-
ary Schur operator L (¢ without duplicating internal observer sub-
graphs.

SELF-INCOMPLETENESS The strict capacity and rank bounds (@g <
Qalloc < Qotal and rank(Qp) > M > 1, with residual readout an-
nihilation Ry, Qp x5 = o) preventing any finite open observer from
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maintaining a complete representation of its own internal vertex state
without collapsing boundary and free capacity.

SENSORY CAPTURE EFFICIENCY The dimensionless conversion ratio
(A@®) = facq(t) /i 5(t), in nats/nat) measuring nats of newly acquired
environmental structure per nat of boundary dissipation, maximised
near dynamical criticality (opranch = 1)-

PHYSICAL NASH PRICING The substrate-agnostic linear pricing rule
(P = C + 0[AVpet]4) maximising (V — P)* (P — C)*» in natural
informational units, valuing goods by expected stability gain (V =
E[ALarrier7]) adjusted for closed-boundary production cost (C =

Iirr,a,T + II’CV,Q,T)'

CIVILISATIONAL STABILITY BARRIER The aggregate domain-
weighted barrier (AL;y;(T), in nats) defending collective viability
across nutrition, health, shelter, infrastructure, and environmental
sinks against boundary failure.

HUMANITY INTELLIGENCE INDEX The dimensionless macroeconomic
intelligence ratio (HII) evaluating collective stability barrier depth
AlL;vii(T) sustained per nat of irreversible boundary dissipation
Ii?r‘,’él(T) exported across the economy’s external boundary cut.

HUMANITY CONSCIOUSNESS INDEX The dimensionless macroeco-
nomic consciousness ratio (HCI) evaluating collective stability barrier
depth AL;yii(T) sustained per nat of preserved internal structure
Ircé:,”}z (T) across coordination, institutional, and infrastructural
registers.

QUIET CIVILISATION An advanced intelligent economy that has cleared
its planetary dissipation wall (7)) by transitioning into the reversible
symplectic regime (HII, HCI > 1), reducing its inverse intelligence ra-
tio (HII ! — 0) so that its external radiative signature approaches stat-
istical indistinguishability from the natural astrophysical background

(D (™™ | pfp) = 0).
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