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Antonsen reading; its finite- versus infinite-population scope was unspecified. See the
correction at §3.4. The v1.0 measurements are retained.

This is a model paper: every result claim is about the models defined here; transfer to real
systems appears only as an explicitly tagged hypothesis. The central claim — viability is a
property of a system’s constraint architecture, and capability growth is a shared driver
against it — is demonstrated in two structurally different models: the TEO ODE (Appendix
C) and a stochastic agent-based ecology (Appendix D); that both come from the same
author and toolchain is a first-class limitation (§6.2). Figures are generated by lab/tools/
viable_corridor.py (Fig1), ../teo-civilization/teo_simulation.py (App.C), ../teo-civiliza-
tion/separability_grid.py (App.C.4),and ../agent-ecology/agent_budget_sim.py (App.D);
derivations are in Appendix A; every headline number is pinned by tests/test_cor-
ridor_headlines.py (suite green in this working state, 2026-08-20). Remaining before sub-
mission: an external dynamical-systems review, and the venue-format conversion (a
separate step). (Per-version detail in the revision history below.)

Revision history

- Erratum consistency pass, 2026-09-07 (v1.0 retained; no new results). The §3.4 errat-
um previously stood alone: abstract, §1, §2.6, §3, §3.2, §3.5, the Figure 1 caption, §6.2 and
§8 still called sufficiency ‘conjectured’, ‘'unproven’ or ‘expected to require only Y = Yc¢'.
Every such statement now says that the stated conjunction is refuted in its Lorentzi-
an continuum reading and that a corrected, floor-dependent statement is open. The
explicit Lorentzian floor condition k> 2a/(1 -r%;,) and the general-g stationary candid-
ate are added to the erratum. Retained-as-history text in §3.4 is untouched.

« Erratum, 2026-09-07 (v1.0 retained). The sufficient conjunction in §3.4 is refuted in its

Lorentzian continuum/Ott—-Antonsen reading, and the missing finite- versus infinite-
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population scope is made explicit. The original argument is visibly marked as super-
seded in that reading; the original numerical measurements are retained. The linked
size control concerns the separate finite Gaussian example.

v0.1 — Initial draft of §1-§4 and Figure .

v0.2 — Twelve-point structural revision following an internal reviewer pass. Tone in §1
calibrated down to match what §3 actually proves. Homeostatic brake in §2.4
reformulated to preserve the simplex. Substrate-health variable H coupled back into
Equation (1) so that substrate collapse halts the dynamics. Viability redefined as ro-
bust viability (open-set invariance) in §3.1. Theorem 1 scope clarified to the thermody-
namic limit. Lemma 1 strengthened to require strict dominance. Lemma 2 explicit about
all-to-all coupling and frequency-distribution assumptions. Lemma 3 corrected from
ess sup to accumulated overshoot. §3.4 "Lyapunov candidate” renamed to viability
margin (no monotonicity claim). §4.1 table reframed as a heuristic regime mapping, not
a calibrated estimation. §4.4 citation fixed (Wolfram for computational irreducibility,
not Chaitin). §4.5 final claim softened from “estimated trajectory” to "proxies
consistent with”. §2.7 IP note moved to §7 as future work.

v0.3 — Second reviewer pass; fixed two blockers and ten further issues. Blocker 1: the
homeostatic brake activated at the same threshold that defines V1 violation, making
robust viability impossible even for y > 0; resolved by separating a regulatory
threshold Xreg < Xcrit and making Conjecture 1's sufficiency condition Y = Y¢ rather
than y > 0. Blocker 2: Lemma 2 assumed incoherent initial conditions, which lie outside
\/; reframed as a coherent-initial-condition dephasing result with the K = K. equality
case handled. Further fixes: frequency assumption made Lorentzian-compatible
(dropped "finite second moment”); Theorem 1 restated as a componentwise
conjunction (Lemmas 1, 3 finite-J\l; Lemma 2 thermodynamic limit); value dynamics (2)
coupled to H so they also freeze at substrate collapse; V3 split into instantaneous
(V3a) and cumulative (V3b) conditions with the theorem proving V3b; accumulated
overshoot Q(t) introduced explicitly (6a, 6b); viability margin redefined from a
weighted sum to min of margin-to-boundary terms; uniform-redistribution caveat
added to §2.4; §4.1 GDP wording softened; §4.4 tagged as heuristic explanatory; Fiqure
1and §8 notation updated to Y = Ve, Q(t) < Smax -

v0.4 — First numerical pass. The companion simulation was rewritten to implement the
v0.3 equations faithfully (split brake with simplex-preserving redistribution; cumulative
substrate Q/H; H-coupling on both replicator and Kuramoto), and used to draft
Appendix C. Results: (P1) Lemmas 1 (concentration) and 2 (coherence collapse from a
coherent IC) reproduce cleanly; (P2) a critical Y¢ exists and matches a new closed-
form boundary-balance estimate added to §3.4; (P3) the in-corridor region is a lower
corner, prompting the correction of P3 from "finite measure” to "bounded below in
each coordinate”. One substantive finding: under the dissipation proxy as written
(5)+(5", s « H,» SO accumulated overshoot self-limits and the substrate veto (Lemma 3)
is not endogenously reachable for bounded fitness — the third constraint may not
bind under the model’s own dynamics. Flagged in §6.1 and Appendix C as an open mod-
eling decision affecting §2.6 (failure mode 3) and §4.3 (Phase 3); Lemma 3 itself (a
conditional) is unaffected. Stale status block corrected.



v0.5 — Resolved the v0.4 substrate-veto decision. The dissipation proxy (5) is now
driven by raw throughput 2" rather than the health-coupled effective fitness Hi":
the H-coupling stays on the competitive dynamics (replicator (1), Kuramoto (2)) —
which still freeze at H - 0 — but a non-self-throttling optimiser (§4.3) keeps produ-
cing entropy regardless of substrate health, so the overshoot () grows past Syzx and
the veto of Lemma 3 now binds endogenously whenever throughput exceeds Dmax
(Appendix C: Q/Smax = 27.H = Q). The health-coupled variant — which self-limits be-
low Smax — is retained as the substrate-self-regulating regime (a model of a system
that does back off at the limit). Edits: §2.5 (dissipation decoupled from H; asymmetry
motivated), §2.6 (failure mode 3 reworded), §3.3 (Lemma 3 proof: entropy need not
vanish; () monotone) plus a rate-form remark (ng, < Dmax is the long-time substrate
condition; Smax sets transient tolerance), §3.4, §5.1 (P1), §6.1 (decision documented),
§6.4 (delays / endogenous Dpyax (t) flagged as the route to genuine overshoot-col-
lapse), Appendix C re-run. The companion simulation’s default is now the canonical
(decoupled) model.

v0.6 — Coupling study and reframe (the paper’s central positive result). Two model-
internal experiments (Appendix C.4): (i) separability — across a (y, K) grid the de-
coupled prediction matched coupled robust viability in every cell (Q mismatches), and
the sole coupling channel H is benign (it freezes the state at substrate collapse
rather than driving cross-axis excursions), so the three state axes do not interact dy-
namically in the viable regime; (ii) capability loading (P8) — the dominance margin §
loads onto the concentration and substrate axes simultaneously, so raising capability
at fixed architecture exits the corridor through both boundaries, and no single-axis
strengthening rescues a high-capability system — only joint strengthening of Y and
Dmax does. Reframe: §71 rewritten to state precisely where the conjunction gets its
force (shared drivers, not dynamical entanglement) and to position the framework —
not the necessity theorem, which is close to definitional taken alone — as the contri-
bution; P8 (§5.3) upgraded to model-confirmed; §7.2-§7.3 cite the in-model demon-
stration. New Figure C4. Fixed a latent footgun in the simulation ( replace(p, delta=..)
previously kept a stale fitness vector). The capability result is the answer to "do we
make a relevant claim?”: viability is a property of the system’s constraint architecture,
and capability growth is a shared driver against it.

v0.7 — Second, independent model for the Class C predictions. A new stochastic,
discrete-time, agent-based ecology ( simulation-models/alignment-and-veto/agent-
ecology/agent_budget_sim.py ) with explicit hard-vs-soft (routable) budget mechanics
reproduces P7 (hard budgets hold substrate-collapse frequency at #0 across capabil-
ity; soft budgets fail with frequency rising to 1) and P8 (at high capability, hard-
budget-only leaves residual monopoly, requlation-only leaves substrate collapse; only
the joint architecture keeps both failure frequencies near zero). Added Appendix D +
Figure D1; P7/P8 status upgraded in §5.3; §7.2 and §7.6 cite the ABM. This is synthetic
evidence that the P7/P8 regime behaviour is structural (survives a change of model),
not a test on real agents — that remains the companion paper’s task.

v0.8 — Freeze-and-tighten pass (no new results). Title/claim realigned to match what
the paper now argues: subtitle "A Three-Constraint Theorem” - A Constraint-Architec-
ture Framework”, and the abstract rewritten to lead with the constraint-architecture +



capability-loading claim (the theorem stated as scaffolding) rather than the near-
definitional necessity result. Appendix A written (derivations: replicator + strict
dominance, the K. = 2/(ng(0)) self-consistency bifurcation, simplex-preservation of
the brake, the dissipation/substrate equations, and the raw-vs-health-coupled rate
derivation behind §3.3/§6.1). Status block condensed (per-version detail kept here).
Frontmatter version synced (was stale at 0.3).

v0.9 — Reproduction pass and one correction (no new results). The full Appendix C-D
protocol was re-run from fixed seeds (2026-08-20; ~8 min measured wall time). All
quoted headline numbers reproduced except one: C.4’s second boundary crossing —
the prose said the substrate demand crosses Dyax Near § = 1.4, while the code and
the committed Figure C4 both putitat § = 1.05; the prose number was stale against
the paper’s own figure and is now corrected in C.4. The qualitative claim (two cross-
ings, concentration first) is unaffected, but the crossings sit roughly 3 x closer to-
gether than the stale number suggested; §5.3 (P8), §6.5, and §7.1 were audited and
build on the order of the crossings, not their spacing — no further edits required, and
6 = 1.4 is cited nowhere outside the paper. The C.4 separability experiment — run ad
hoc for v0.6, its code never released — is now a canonical script ( simulation-models/
alignment-and-veto/teo-civilization/separability_grid.py ); the full 8 x 8 grid was re-
verified at ) mismatches (in the analytic and the per-axis empirical form of the de-
coupled prediction), and C.4 now states grid, ranges, and criterion explicitly. All
Appendix C-D headline numbers are pinned as a Cl regression guard ( tests/test_cor-
ridor_headlines.py, commit c6135ca).

v1.0 — Submission version (no new results). Scope fixed as a model paper: every result
claim is about the models defined here; transfer to real systems is stated only as the
structural-isomorphism hypothesis, and no sentence exceeds its status in meta/repos-
itory-meta/core-claims.md (conditional necessity result + two synthetic capability-
loading demonstrations; wider applicability hypothesized). Argument rebalanced: The-
orem 1is now declared a structural result where it is stated (§3.3, §3.5) — near-
definitional given that |/ is defined as the intersection of the three conditions —
rather than only conceded as such in §7.1; the paper’s evidential load is carried by the
capability-loading and hard-vs-soft-budget demonstrations (P8 with P7; Appendices
C.4 and D). That both demonstration models come from the same author and toolchain
is promoted from an appendix aside to the first item of §6.2. Citation audit (every cita-
tion checked against its original; meta/research-alignment/related-work-map.md used as
an index, not as a source): Boxell, Gentzkow & Shapiro (2024) in fact measure the
largest affective-polarization increase in the US with heterogeneous trends elsewhere
(five countries rising, six falling) — §1, §4.1 and §4.2 now say that instead of "rising
across most major democracies”; lyengar et al. (2019) is cited for the US only; the un-
verifiable global wealth-Gini figures (0.85-0.88) and the 47.5%/0.75% shares were re-
placed by the verified UBS Global Wealth Report 2024 statement (adults above USD 1M
— roughly 1.5% of adults — hold close to half of global household wealth) or dropped;
Philippon’s concentration figure reduced to the qualitative claim his book supports;
Appendix B no longer quotes the schematic’s uncalibrated illustrative thresholds;
Omohundro (2008) added alongside Bostrom (2014) for instrumental convergence;
Perrier & Bennett (2026) re-verified (AAAI-SS 8(1), 322-328; arXiv:2603.09043) and §7.5



now names the postulates as printed there (WeakSync/StrongSync). References
completed to full APA entries. Numbers discipline: every quantitative result in the text
traces to tests/test_corridor_headlines.py (re-run green in this working state) or to
the three canonical scripts ( teo_simulation.py, separability_grid.py,
agent_budget_sim.py ); C.4 remains the single place where grid, ranges, and criterion are
specified, with §7.1 pointing there. The inverse-reconstruction *optimizer’s-curse”
chain (benchmark v1.3-v1.7) is cited nowhere in this paper — checked against the tree
rather than assumed, and not introduced, since v1.4 has no pinned regression guard.
Venue: Artificial Life (MIT Press) selected as primary target — scope (software syn-
thesis toward theoretical understanding of life-like phenomena; viability is a core top-
ic), Article length 6,000-12,000 words (main text ~13k raw markdown tokens » 12k
typeset, at the band’s upper edge; conversion should tighten), APA v7, explicit cover-
letter path for independent researchers; JASSS (5,000-8,000 words; social-process
framing; CoMSES/ODD packaging) and Adaptive Behavior (6,000-12,000; APA) remain
open as documented in the frontmatter. Markdown stays the repository format;
venue-format conversion is a separate post-decision step. Addendum (author read-
through, same day, pre-commit) — four substantive fixes and five smaller ones. (1)
Companion decoupling (blocking): all coupling to papers/quantifying-emergent-utility-
in-1lms.md removed — frontmatter relation block (which promised a revision "after the
Agentic Identity Suite is run in real mode”, a promise the repository’s own verdict
marks as structurally blocked on the provider path), the P7 test sentence, the §6.3
VNM bullet, §7.2’s closing sentence, all of §7.6 (deleted), D.3, and the TODO block; re-
placed throughout by "a real-agent test is future work”, naming no existing document.
This also retires the salami-slicing TODO item. (2) Third corridor coordinate made con-
sistent: the corridor (7) is now defined over (y, K, Dmax) With Spax as a fixed transient-
tolerance parameter — following the paper’s own rate-form remark (§3.3) and the C.3
parenthesis, which had already established that a (y, Smax) slice has no lower bound-
ary; §3.1 and Theorem 1 now speak of the configuration (y, K, Dmax, Smax); P3 restated
over (Y, K, Dmax) with the Sax exclusion made explicit and the Dyax lower boundary
tied to the Figure C4 demand crossing; the Figure 1 caption now reads the drawn
dS/dt-vs-Dmax axis as the rate condition it in fact depicts, rather than apologising
for it. No recomputation required. (3) Lemma 1 scoped to the coupled system: state-
ment now carries the substrate-safe qualifier, plus a dichotomy remark (with A1
aligned): under canonical dissipation with uniform I, either demand never exceeds
Dmax (H = 1. monopoly as stated) or the veto fires at finite time and the shares
freeze below the vertex (the C.1(d) mechanism); either branch leaves |/, so necessity is
unaffected. (4) Existence claim brought inside the paper’s own discipline: abstract and
§8 no longer assert "does not yet exist” (unknowable while §5.4’s operationalisations
are missing) but "no system has been shown to satisfy the definition”. Smaller: §7.5 cut
entirely (repo-internal experiments as calibration, future work with no in-paper role;
Perrier & Bennett reference dropped with it — its earlier mention in this entry is
thereby superseded; §7 now ends at 7.4); correspondence line carries a submission e-
mail; Figure C3’s canonical provenance verified in code ( figure_p3_corridor in teo_sim-
ulation.py,the 16x16 grid over [0, 1.5] X [0, 4], part of the --save manifest); D.2 now
names the ODE/ABM capability-operationalisation difference (single-agent dominance



margin vs. population scale) and claims it as strength rather than leaving it a silent dis-
crepancy; "companion” vocabulary removed elsewhere (repository, Transition-Problem
essay) to avoid echo. Second read-through, two one-line corrections: the dichotomy
remark’s exhaustiveness claim is restricted to state-independent f(0) — the Fisher ar-
gument d@,/dt = HVar(f®) = 0 needs a constant fitness vector, and (1) permits f%(x), un-
der which mean fitness can oscillate and demand need not stay above D54 after first
crossing (the lemma itself is unaffected; Appendix C simulates constant £0) through-
out); and the §5 Class B definition now reads Dpax » cOmpleting the corridor-coordin-
ate change that §4 and §5.4 already carried.

Abstract

We model coupled multi-agent optimization with a dynamical system — the Thermodynam-
ics of Emergent Orchestration (TEQO) — that combines replicator dynamics (resource compet-
ition), the Kuramoto model (value coupling), a homeostatic requlatory brake, and a
thermodynamic dissipation constraint. The central claim is that, in this model, viability is a
property of a system’s constraint architecture, not of any single axis or any single agent.
Robust long-time viability requires the conjunction of three conditions — positive
homeostatic strength (y > 0), value coupling above the Kuramoto critical threshold (K > K.),
and bounded accumulated substrate overshoot (Q(t) < Smax J)- The necessity of this con-
junction is a componentwise theorem, presented as a structural result: the viable region is
defined as the intersection of the three conditions, so the theorem is scaffolding, not the
contribution. The substantive, testable content is the capability result: the per-agent cap-
ability margin is a shared driver that loads several constraints at once — raising capability at
fixed architecture exits the corridor through two boundaries in succession, and only joint,
not single-axis, strengthening restores viability. We demonstrate this in two structurally dif-
ferent models — a deterministic ODE system and a stochastic agent-based ecology — both
built with the same toolchain, a limitation we state prominently. Sufficiency is not estab-
lished: the conjectured sufficient conjunction (§3.4) is refuted in its Lorentzian continuum
reading, because K > K. does not guarantee the declared coherence floor I'min ; a correc-
ted, floor-dependent sufficiency statement is open (erratum, §3.4). A structural-isomorphism
hypothesis — that an unconstrained Al optimizer and contemporary human civilization oc-
cupy the same model regime — is advanced strictly as a hypothesis: proxies, not calibration.
We give falsifiable predictions in three classes, each with the observation that would refute
it. The model’s central reading: a "machine of loving grace” is one whose constraint architec-
ture holds it inside the viable corridor; no existing system has been shown to satisfy that
definition.

Keywords: viability; constraint architecture; multi-agent systems; replicator dynamics;
Kuramoto model; Al alignment



§. Introduction

Richard Brautigan (1967) imagined "machines of loving grace” — technology that serves life
rather than consuming it. Dario Amodei (2024) adopted the phrase to describe a future in
which artificial intelligence amplifies human flourishing. In both cases, loving grace names a
design aspiration: a hopeful image of what a successful relationship between intelligence
and its substrate might look like.

This paper develops a related but more constrained reading. Under a specific dynamical-sys-
tems framework — the Thermodynamics of Emergent Orchestration (TEO) — we model the
relationship Brautigan and Amodei imagine as a survival constraint within the model, not
merely a design aspiration. We identify three conjoint mathematical conditions on the
model’s parameters and prove that their simultaneous satisfaction is necessary for robust
long-time viability of any coupled multi-agent optimizing system that the model describes.

The argument runs on two parallel observations.

The first is the paperclip maximizer (Bostrom, 2014): a hypothetical Al optimizer that, given a
single unconstrained objective, consumes its environment — including its creators — to
achieve that objective. The horror of the paperclip maximizer is its indifference: it does not
hate humanity; it simply does not include humanity in its objective function. As alignment
problems escalate with model capability, this thought experiment has become a load-
bearing analogy in safety research.

The second is the trajectory of human civilization as a coupled system under sustained
pressure for unbounded throughput. Atmospheric CO, has passed 420 ppm (NOAA, 2024).
Adults holding more than USD 1 million — roughly 1.5% of the world’s adult population — hold
close to half of global household wealth (UBS, 2024). Affective political polarization has risen
sharply in the United States over recent decades (lyengar et al., 2019), with heterogeneous
trends across other OECD democracies — rising in some, falling in others (Boxell et al., 2024).
These trends are typically modeled as distinct phenomena — climate here, inequality there,
polarization elsewhere — and addressed through separate policy interventions.

We advance a structural-isomorphism hypothesis: that both systems can be represented by
the same stylized coupled-dynamics model, with parameter values that map onto similar tra-
jectories. We are explicit that this is a hypothesis to be tested empirically, not an estab-
lished equivalence. The mapping in §4 is a heuristic regime assignment, not a calibration;
what the model would need in order to graduate the hypothesis into a measured
isomorphism is discussed in §5 and §6.

Thesis. Within the TEO framework, the long-time behavior of any coupled optimizing system
the model describes depends on three parameters: a homeostatic requlation strength Y, a
value-coupling strength K between agents, and an entropy production rate dS/dt bounded
by the substrate’s dissipation capacity Dmyax - We claim:

1. The conjunction of three conditions — y> 0, K > K, and bounded accumulated sub-
strate overshoot Q(t) < Smax — is necessary for robust long-time viability (Theorem *,
§3). We present this as a structural result: because the viable region is defined as the



intersection of the three conditions, the theorem organizes the model rather than sur-
prises within it (§3.5, §7.1). The paper’s substantive claim is carried elsewhere — by the
capability-loading demonstrations of §5.3 (P8, with P7) and Appendices C.4 and D. Suf-
ficiency is not established: Conjecture 1 (83.4), as stated, is refuted in its Lorentzian
continuum reading — K > K. does not guarantee the declared floor 'min — and a
corrected, floor-dependent statement is open (erratum, §3.4).

2. The same parameter mapping is hypothesized to apply, at the level of qualitative re-
gime, to both a stylized paperclip-style Al optimizer and to twenty-first-century
human civilization. This is a structural-isomorphism hypothesis, not an established
equivalence.

3. Under the model, the trajectory of unconstrained optimization in both cases passes
through three identifiable phases: monopolistic concentration, substrate approach,
and substrate-driven termination. The mapping of contemporary civilizational data to
these phases is interpretive, not measured.

We refer to the three-constraint parameter regime as the viable corridor. The conjunction of
constraints — operational caring about the substrate, value alignment between agents, and
physical limits — is given the operational name love as constraint. We use the phrase opera-

tionally, not psychologically: it denotes the conjunction of three constraints in the model.

Why this reframing matters. Contemporary Al alignment research has concentrated on local
interventions: refinements to reinforcement learning from human feedback (RLHF), refusal
training, system prompts, and interpretability tools (Mazeika et al., 2025; Bai et al., 2022).
These are valuable. But they treat alignment as a property of individual models, evaluated
through behavioral benchmarks. Under the framework presented here, this is structurally in-
sufficient: alignment is not a property of an isolated optimizer. It is a property of a coupled
dynamical system. The same insufficiency applies to political and economic governance
frameworks that treat individual constraints — carbon pricing here, antitrust law there, polar-
ization mitigation elsewhere — as separately optimizable variables rather than as conjoint
requirements for any system’s long-term viability.

The reframing is therefore not only about Al. It is about what counts as a control problem.

Paper structure. Section 2 introduces the TEO framework formally — the coupled replicator-
Kuramoto-entropy dynamics that generate the three parameters. Section 3 states and
argues for the Three-Constraint Theorem: that the conjunction y>0,K > K., Q(t) < Smax is
necessary for robust long-time viability. Section 4 develops the structural-isomorphism hy-
pothesis between Al optimization and civilizational dynamics through a heuristic parameter
mapping and empirical proxies. Section 5 derives falsifiable predictions and identifies the
empirical commitments the framework makes. Section 6 presents limitations and the
strongest counterarguments. Section 7 discusses implications, with explicit attention to
what the framework does and does not justify.

Throughout, we tag claims with their epistemic status:

- Formal result ( [FORMAL] ): proved as theorem or lemma under stated assumptions.



- Conjecture ( [CONJECTURE] ): plausible and partially supported by numerical or structural
evidence, but unproved.

« Model assumption ( [MODEL ASSUMPTION] ): a choice in the model that shapes the result;
alternatives exist.

- Heuristic mapping ( [HEURISTIC] ): a regime assignment or proxy correspondence, not a
calibrated measurement.

- Empirical conjecture ( [EMPIRICAL CONJECTURE] ): an empirically testable claim that the
model suggests but that this paper does not establish.

The framework is meant to be falsifiable. The thesis that the model represents civilizational
dynamics in the way we hypothesize is uncomfortable and important enough that we have
tried to state it with the precision needed for it to be checked — and, where possible, found
wrong.

§2. The TEO Framework

The Thermodynamics of Emergent Orchestration (TEO) couples four established formalisms
— the replicator equation, the Kuramoto model, a homeostatic feedback brake, and a ther-
modynamic dissipation constraint — into a single dynamical system. Each componentis a
textbook construction. The contribution of TEQ is the coupling: when all four are operative
simultaneously, the system inherits the failure modes of each and develops constraints that
are not visible in any single mechanism.

2.1 State Variables

Consider a system of \] agents indexed byj& {1, ..., N}.The state of agentj at time tis
described buy:

- Aresource share x;(t) €[0, 1] representing the fraction of total system resources
controlled by agent j (compute, capital, attention, or any conserved quantity). The
shares form a probability simplex: sx0-1 for all .

« A value orientation 6,(t) € [0, 2mr) representing the direction of agent j’s utility vector
projected onto the unit circle.

An additional scalar substrate-health variable H(t) € [0, 1] tracks the integrity of the dissip-
ative substrate hosting the dynamics; H(0) = 1 by convention.

The communication topology is fixed by an adjacency matrix A € {0, 1}¥V*N with A; =1 iff
agent j’s value orientation enters agent j’s dynamics. We assume A is symmetric and that
the underlying graph is connected.

2.2 The Replicator Equation (Resource Dynamics)

Resource shares evolve according to a regulated replicator equation:
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\frac{dx_i}{dt} = x_i \bigl( f_i(\mathbf{x}) - \bar{\phi}(\mathbf{x}) \bigr) + \mathcal{H}
_i(\mathbf{x}), \qquad \text{(1)}

where f;:[0, 1]V » R~ is the fitness of agent j, #0=2xx is the population-average fitness, and
H; is a homeostatic brake defined in §2.4. With H; = 0, Equation (1) reduces to the standard
replicator equation of Taylor and Jonker (1978).

For the theorem of §3 we adopt a strict-dominance assumption on £ (the substrate-un-
modified fitness from §2.5). There exists an agent index j * and a constant § > Q such that,
forallj=i* and all )}{ on the simplex,

P - 2% =6. (1)
[ [MODEL ASSUMPTION] ]. This is stronger than a B-dominance condition alone and is the
operational form of instrumental convergence (Omohundro, 2008; Bostrom, 2014): agent j *
has a structural fitness advantage over every other agent at every state of the system.
Whether real social and economic systems exhibit such strict dominance is an empirical

question (cf. Piketty, 2014, on power-law concentration in resource flows); we treat it here as
a model assumption used in §3.

2.3 The Kuramoto Model (Value Coupling)

Value orientations evolve under substrate-modulated coupled-oscillator dynamics:

N
O~ H wi+ K> Asin(6;—6))|, (2)
j=1

where Wi is agent j’s intrinsic frequency (its bias toward a particular value orientation),

K = 0 is the global coupling strength (interpretable as discursive bandwidth, shared media
saturation, or institutional integration), Aj is the topology of §2.1,and H € [0, 1] is the
substrate-health variable of §2.5. The prefactor H ensures that value dynamics, like resource
dynamics, halt when the substrate collapses (H — Q). At full substrate health (H = 1).
Equation (2) is the standard Kuramoto (1975) model on a network, so the critical-coupling
analysis below is unaffected.

The collective coherence of value orientations is measured by the order parameter:

N
r(t) el — ﬁzleiej(t)’ (3)
Jj=

with r(t) €[0, 1]: r - ] indicates full synchronization (consensus), r - Q indicates phase-
uniform incoherence (loss of any global phase). For natural frequencies drawn i.i.d.\ from a
symmetric unimodal density g(w) with g(0) > 0 and sufficient reqularity, the all-to-all model
at H = 1 exhibits a critical coupling threshold K. below which no macroscopic coherent
branch is stable (Kuramoto, 1975; Strogatz, 2000; Acebroén et al., 2005). For the Lorentzian
density g(w) = (&/m)/(w? + A?) (which is heavy-tailed and has no finite variance, but is the
standard analytically tractable case), K. = 2A.
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2.4 The Homeostatic Brake

The brake H; in Equation (1) must satisfy two requirements: it must preserve the simplex
constraint 2¢=1, and it must be able to act before the system reaches the failure boundary.
We therefore distinguish two thresholds:

- a regulatory threshold Xreq, above which the brake activates;
- a failure threshold Xcrit, above which pluralism (\V1, §3.1) is violated,

with 1/N < Xreg < Xcrit < 1. The separation Xreg < Xcrit is essential: if the brake activated only
at Xcrit, it would engage exactly at the failure boundary — too late to keep an above-
threshold trajectory inside \/. The brake is:

\mathcal{H}i(\mathbf{x}) = -\gamma \cdot \max\bigl(®, \, x_i - x }Hbigr) + \frac{\gamma}
{NF\sum_{j=1}"N \max\bigl(0, \, x_j - x_{\text{reg}H\bigr), \aquad \text{(4)

where y= 0 is the reqgulatory strength. The first term penalises any agent whose share ex-
ceeds Xreg; the second term redistributes the aggregate penalty uniformly across all
agents. By construction 2#x=0, so the simplex is preserved.

Interpretation: Y encodes the operational strength of any homeostatic mechanism that res-
ists unbounded concentration — antitrust law, progressive taxation, redistribution,
capability throttling, kill switches, refusal channels. The parameter y = 0 corresponds to fully
unregulated optimization.

Two caveats [ [MODEL ASSUMPTION] ]. First, uniform redistribution means that an above-
threshold agent whose excess is below the average excess can receive a positive net brake
contribution; the first term penalises above-threshold shares, but the net effect on a given
agent depends on the distribution of excess shares. Alternatives (redistribution only to
below-threshold agents, or weighted by (Xreg — Xi) + ) avoid this and are discussed in §6.
Second, the form (4) is one of several simplex-preserving redistributions; we use it for

analytic convenience.

2.5 The Entropy Budget and Substrate Coupling

Computation produces entropy; Landauer (1961) gives a lower bound on the heat dissipated
by irreversible bit erasure. Equation (5) is not a generalised Landauer bound. It is a phe-
nomenological dissipation proxy motivated by Landauer-type physical limits: we assume
that the rate of entropy production by agent j scales with its resource share and its raw
activity level £ [ [MODEL ASSUMPTION] ]:

N
G = 2oxf0,(5)
=

where n; >0 is agent j’s entropy coefficient and £% is the substrate-unmodified fitness of
§2.2. Note that the dissipation is driven by the raw throughput £%, not by the health-coupled
effective fitness f,=HA? that drives the competitive dynamics (the f; of Eq (1), defined in (5°)
below); the entropy an agent produces is set by what it does, not by how degraded the
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substrate already is. The consequences of this asymmetry are the subject of the substrate-
coupling paragraph below and of §6.1.

The substrate hosting the dynamics has a finite instantaneous dissipation capacity
Dmax > 0 and a finite cumulative reservoir Symax > 0. We track the accumulated overshoot

\Omega(t) := \int_07t \bigl( \dot{S}{\text{sys}}(s) - D}\bigr)_+\,ds,\gquad \text{(6a)

the integrated excess of entropy production over the instantaneous ceiling. The substrate-
health variable H(t) € [0, 1] then evolves as

H(t) = \max!\left( 0, \, 1 - \frac{\Omega(t)}{S_{\max}} \right), \gquad\text{equivalently}
\gquad \frac{dH}{dt} = -\frac{1}{S_{\max}} \, \bigl( \dot{S}{\text{sys}} - D}\bigr)_+\
\text{while } H > O, \gquad \text{(6b)

with H(0) = 1. Equation (6b) is phenomenological [ [MODEL ASSUMPTION] ]: a momentary over-
shoot of Dyax degrades the substrate only by a finite increment; sustained or repeated
overshoot accumulating to Q = S5 drives H to zero. This distinction — instantaneous ceil-
ing Dmax Vversus cumulative reservoir Syhax — matters for the viability conditions in §3.1.

Substrate coupling. We close the loop by making the competitive dynamics — but not the
dissipation — depend on substrate health. The effective fitness that drives the replicator (1)
is

fix, H)=H-f"(x), (5"
and the same prefactor H multiplies the value-coupling termin (2). As H - Q, the effective
fitness and the value coupling vanish, so the replicator drift and the Kuramoto dynamics

freeze at the state reached at substrate collapse; without this coupling the dynamics would
remain formally defined at H = (Q, contradicting the physical meaning of collapse.

The dissipation (5), by contrast, is driven by the raw throughput #%, not by the effective fit-
ness HA?. This asymmetry is deliberate and load-bearing [ [MODEL ASSUMPTION] ]. A substrate-
aware system could throttle its production as the substrate degrades — but the systems
this paper is concerned with (a blind optimiser pursuing £?; §4.3) do not voluntarily back off
at a substrate limit; their entropy output is governed by their activity, not by the remaining
headroom H. Coupling the dissipation to H as well would make production self-throttle and
the accumulated overshoot () self-limit below Sy ax , sO the substrate veto (Lemma 3) would
never bind from the internal dynamics — the correct model of a substrate-self-requlating
system, but the wrong model of a non-self-throttling one. We therefore adopt the raw-
throughput dissipation (5) as canonical and treat the health-coupled variant as the sub-
strate-self-requlating regime; the distinction, and the consequence that the veto then
binds endogenously whenever throughput exceeds D5« . are examined in §6.1 and Appendix
C.

In the planetary-substrate interpretation, Q(t) corresponds to an integrated overshoot of
the safe operating space defined by Rockstrom et al. (2009).
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2.6 The Coupled System and Three Failure Modes

Together, Equations (1)-(6) define the TEO dynamics. Three quantities dominate the long-
time behavior: the homeostatic strength Y, the value-coupling strength K, and the
accumulated substrate overshoot Q(t) relative to the reservoir Spax -

Each admits one independent failure mode, made formal in §3:

1. Monopolistic concentration (y = 0). Without the homeostatic brake, Equation (1) re-
duces to the unregulated replicator equation. Under the strict-dominance assumption
(1), the system converges from any interior initial condition to the vertex of agent j *:
Xj*(t) = 1 (finite-\J result, Lemma1).

2. Coherence collapse (K < K.). Below the Kuramoto critical coupling K. — defined for
the thermodynamic limit (\] - oo ) of all-to-all coupling with the frequency-density
assumptions of §2.3 — no stable macroscopic coherent branch exists, so coherent
states generically dephase and (V2) cannot be robustly maintained (thermodynamic-
limit result, Lemma 2). (We use "coherence collapse” rather than "polarization” because
r = Q describes loss of any global phase, not specifically two-cluster antagonism.)

3. Substrate veto (accumulated overshoot Q(t) = Smax for some finite ). When raw en-
tropy production persistently exceeds the instantaneous ceiling — 2" >0m — the in-
tegrated overshoot grows without bound and reaches the reservoir Sy, in finite time;
Equation (6b) then drives H to zero, and through the H-prefactor on the replicator (1)
and value dynamics (2) the competitive dynamics freeze (finite-J\] result, Lemma 3).
Because the dissipation (5) tracks raw throughput rather than substrate health (§2.5),
this veto is reached from the model’s own dynamics whenever throughput exceeds
the ceiling — not only under an external shock.

The basic structural fact about the model, made precise in §3, is that the conjoint avoidance
of all three failure modes is necessary for robust long-time viability. The three conditions
Y>>0 A K>K: A Q(t) <Smax Vt delimit the viable corridor analyzed in the remainder of the
paper (made precise, including the choice of corridor coordinates, in §3.2). (Sufficiency is not
established; the conjunction as stated in Conjecture 1is refuted in its Lorentzian continuum
reading — see the erratum in §3.4.)

§3. The Three-Constraint Theorem

This section formalises the central claim: the conjunction y >0, K > K., and Q(t) < Spmax (for
all ) is necessary for the TEO dynamics to admit robust long-time viability. We prove neces-
sity under stated assumptions (Theorem 1). The sufficiency conjecture originally stated in
§3.4 (Conjecture 1) is refuted in its Lorentzian continuum reading; it is retained there as
history together with the erratum that supersedes it.
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3.1 The Viable Region and Robust Viability

Let ¥ denote the state space of the TEO system: the simplex xe#%,:3x=1 combined with the
N -torus [0, 2m)N Tor value orientations, augmented by the substrate-health variable
H € [0, 1] (equivalently the accumulated overshoot () via Equation 6b).

We define the viable region \/ < ¥ by the conditions:

« (V1) Pluralism: MaXXi = Xcit — no agent’s share exceeds the failure threshold
Xcrit € (Xreg, 1).
-+ (V2) Coherence: r(t) = rpin > 0 — the Kuramoto order parameter (3) is bounded away
from zero.
« (V38) Substrate. We distinguish two capacity conditions, because the model has both
an instantaneous ceiling and a cumulative reservoir:
° (V3a) Instantaneous safe operation: s, < Dyay —e for some g > Q. This is a stricter
day-to-day condition; momentary violations are survivable.
° (V3b) Cumulative survival: Q(t) < Spax - This is the condition whose violation col-
lapses the substrate (Lemma 3).

The necessity theorem (§3.3) proves the necessity of (V3b). Condition (V3a) is a stronger,
optional refinement used in the sufficiency discussion (§3.4); a system may transiently
violate (V3a) without leaving the viable region as long as (V3b) holds.

We use robust viability rather than “viability of some trajectory”. An existential definition —
"there exists at least one trajectory starting in |/ that remains in |/” — is too weak, because
measure-zero symmetric equilibria can satisfy it even under failed constraints. We therefore
define [ [FORMAL] J:

A parameter configuration (v, K, Dmax, Smax) admits robust viability if there exists a non-
empty open subset J € V such that for every initial condition (Xg, @9, Hg = 1) € U, the
resulting trajectory remains in \/ (with V3 read as V3b) for all t = Q.

This is the standard open-set / positive-invariance notion of viability (Aubin, 1991).

3.2 The Viable Corridor in Parameter Space

In the parameter space (y, K, Dmax) €R2 , — with the reservoir Syhax = 0 carried as a fixed transi-
ent-tolerance parameter, not a corridor coordinate — define the viable corridor C as the set
of parameter triples admitting robust viability:

C={(V,K, Dmax) : (Y, K, Dmax, Smax) admits robust viability as defined in Section 3.1}. (7)

The choice of third coordinate follows the model’s own substrate analysis (rate-form remark,
§3.3): under sustained overshoot the veto is reached for any finite S,ax , and under the rate
condition n@, = Dmax TOr none — so the long-time substrate coordinate is the ceiling Dipax rel-
ative to throughput, and S;,ax governs only how long a transient excursion can be absorbed.
The central necessity claim is that y > 0, K > K., and the substrate condition Q(t) < Smax Vt
— whose long-time content is exactly the rate condition — are necessary boundary condi-
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tions on C: C is contained in the region they define. Necessity is proved in Theorem 1. Suffi-
ciency is open, and the conjunction as stated in Conjecture 1 does not supply it: beyond the
strengthened resource condition ¥ = Y, the coherence coordinate needs a floor-depend-
ent condition stronger than onset — k>2a/1-r2, ) in the Lorentzian continuum reading
(erratum, §3.4).

3.3 Theorem 1 (Necessity)

Theorem 1is a conjunction of three componentwise obstruction results, each with its own
natural scope. Lemma 1 (resource concentration) and Lemma 3 (substrate veto) are finite-J\|
results. Lemma 2 (coherence collapse) is a thermodynamic-limit (\] - oo ) result and is used
as the large-[J\] coherence obstruction. We do not claim a single unified finite-J\] theorem; a
fully finite-\] treatment of the coherence obstruction is left to future work (§6). This com-
ponentwise framing is less elegant than a single theorem but more honest about what each
piece establishes.

Before stating the theorem, we declare its epistemic role. Each lemma is an application of an
established result to one component of the model, and the viable region \/ (§3.1) is defined
as the intersection of the three conditions the lemmas guard. The theorem is therefore
structural: it verifies that the model’s definitions cohere — that each named failure mode is
genuinely reachable and genuinely fatal under the stated assumptions — rather than deliv-
ering an unexpected consequence. \We prove it because the framework needs a sound floor,
not because it is the contribution; the substantive, testable content of the paper is the
capability-loading result of §5.3 and Appendices C.4 and D (see §7.1).

Theorem 1 (Necessity of the three constraints). Consider the TEO system (Equations 1,71, 2, 3,
4,5,5,8) with the strict-dominance fitness assumption (1) applied to 7%, frequencies drawn
i.i.d.\ from a symmetric unimodal density g(w) with g(0) > 0, and the substrate coupling (5’)
and (2). A parameter configuration (y, K, Dmax, Smax) admits robust viability (§3.1) only if all
three of the following hold:

\gamma > 0 \ \text{(finite-pJ, Lemma 1)}, \quad K > K_c \ \text{(\] - o, Lemma 2)}, \quad
\Omega(t) < S_{\max} \ \forall t \ \text{(finite-pf, Lemma 3)}. \qquad \text{(8)}

The proof is the conjunction of three lemmas, each establishing one failure mode under the
negation of one condition. Because robust viability requires (1), (V2), and (V3b) to hold sim-
ultaneously, the violation of any single condition suffices to rule it out.

Lemma 1 (Resource Concentration). Assume y = 0, the strict-dominance condition (1) with
constant § > 0, and the substrate-safe regime (H bounded away from zero along the tra-
jectory; in particular H = ] whenever demand never exceeds Dpax ). Then for every interior
initial condition x, € int(AN 1), the trajectory of (1) satisfies x; = (t) » 1 and x;(t) = 0 for all
j#=i* as t = oo0. Equivalently, (V1) is violated asymptotically from every interior initial condi-
tion. Qutside the substrate-safe regime, the dichotomy of the second remark below applies,
and every interior trajectory still leaves \/.
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Proof sketch. With H; = 0, Equation (1) is the classical replicator equation x; = x(f”(x) - $(x)).
Strict dominance (1") states that ) -£%x)=6>0 for all j=i* and all ){ on the simplex. By
standard results on replicator dynamics with a strictly dominant strategy (Hofbauer &
Sigmund, 1998, §7.2-7.3), j * s share is monotone non-decreasing: xis =xi+(fY = §) = xi+ - (1 = xi+) -6,
which is strictly positive on int(AVN~1) until x;* = 1. Therefore x;=(t) = 1 from every interior
initial condition. The vertex €j* lies outside \/ (V1 violated by definition for Xt < 1), so
every interior trajectory exits |/ in finite time. This rules out robust viability: there is no open
subset J € V of interior initial conditions whose trajectories remain in \/. \square

Remark. Without strict dominance — for example, with B-dominance alone but unbounded gj
— replicator dynamics can sustain mixed equilibria, cycles, or chaotic attractors. The lemma’s
strength comes from (1), which is a substantive model assumption (cf. §6 on its empirical de-
fensibility).

Remark (the coupled system: a dichotomy). The convergence claim is stated for the sub-
strate-safe regime because, with the coupling (5, the log-ratio log(x;*/x;) grows at rate
H(EY - ") =He, sO Xj* = 1 requires [ Hdt=w. [T the substrate veto fires first — y =0 under sub-
strate stress — then [Hat is finite, the log-ratio converges, and the dominant share freezes
below the vertex: exactly the freeze mechanism of scenario (d) in Appendix C.1. Under the
canonical dissipation (5) with uniform entropy coefficients and state-independent £(0) — the
case simulated throughout Appendix C — the two cases are exhaustive: for constant £0),
mean raw fitness is non-decreasing along the unrequlated replicator flow

(d@o/dt = H-Var(f®) =0), so either demand n¢, never exceeds Dmax (H = 1.and x;j* » 1 as
stated — V1 fails) or demand crosses Dyy,ax and thereafter () grows at a rate bounded below,
so the veto of Lemma 3 fires at finite time (V3b fails). (For state-dependent 9 (x), which (1)
permits, mean fitness need not be monotone and this exhaustiveness argument does not
apply as stated; the lemma itself is unaffected.) On either branch the trajectory leaves {/, so
the necessity of y > 0 is unaffected; only the unconditional convergence to the vertex

belongs to the substrate-safe regime.

Lemma 2 (Coherence Collapse). Consider the all-to-all Kuramoto model (Equation 2 at

H = 1.Aj=1)in the thermodynamic limit N = oo, with frequencies i.i.d.\ from a symmetric
unimodal density g(w), g(0) > 0. Let K. = 2/(ng(0)). For K = K., no stable macroscopic
coherent branch (r > Q) exists: for generic absolutely continuous initial phase distributions,
the order parameter relaxes to r = (. Consequently, no open set of initial conditions can be
guaranteed to keep r(t) = rmin > 0, so (V2) cannot be robustly maintained and robust
viability fails.

Proof sketch. The point requiring care is that the viable region \/ requires r = rpj, > 0, so the
relevant initial conditions are coherent, not incoherent. The argument is therefore not "inco-
herent states stay incoherent” but "coherent states cannot be sustained below threshold.”
In the thermodynamic limit, the Kuramoto self-consistency equation r=«™ cos?agikrsnerse admits a
positive solution r > Q only for K> K. (Kuramoto, 1975; Mirollo & Strogatz, 1991; Acebron et
al., 2005). For K < K. the only solution is r = Q, and the partially synchronised branch does
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not exist; a coherent initial condition with r(0) > 0 therefore has no attracting coherent
state to remain near, and r(t) = 0 for generic initial data. At exactly K = K., the coherent
branch emerges with

r=07%:thereis no positive margin away from the coherence boundary, so (V2) with rpin >0
cannot be robustly held there either. Hence the necessary condition is the strict inequality
K > K¢. \square

Remark (finite \] and networks). For finite \] and general connected adjacency matrices Aj,
there is no sharp threshold of this exact form: the critical coupling depends on the
spectrum of A; and on finite-size fluctuations of order py—1/2 (Strogatz, 2000, §3; Restrepo,
Ott & Hunt, 2005). The thermodynamic-limit statement is the cleanest available; the finite-J\f
extension is flagged in §6 as model-dependent and is part of the future-work programme
noted under Theorem 1.

Lemma 3 (Substrate Veto via Accumulated Overshoot). If there exists a finite time t* > 0
such that the accumulated overshoot reaches the reservoir,

\Omega(t*\ast) = \int_07{t"\ast} \bigl(\dot{S}{\text{sys}}(s) - D\bigr)+ \, ds \geq S,

then H(t*) =0, and through the H-prefactor on (1) and (2) the competitive dynamics freeze:
the effective fitness f; = 0 and §,=0 for all j. Condition (V3b) is violated and cannot be re-
covered.

Proof sketch. By Equation (6b), H(t) = max(0, 1 — Q(t)/Smax)- The hypothesis Q(t* ) = Smax
gives H(t *) = 0. Substrate coupling (5°) makes the effective fitness fix,H)=H - f%x),so H =0
forces f; = 0 and the replicator drift xi(f. — ¢) vanishes; the value dynamics (2) carry the same
prefactor H, so 8,=0 as well. The competitive dynamics are thus frozen. (The entropy pro-
duction (5) tracks raw throughput and need not vanish at H = Q; this is immaterial, because
Q) is non-decreasing — it integrates a non-negative quantity — so once Q(t*) = Spax it re-
mains = Smax forall t = t * .) Condition (V3b) is violated permanently and cannot be
recovered, so robust viability is impossible. \square

Remark (the veto as a rate condition). Lemma 3 is stated for the cumulative overshoot, but
under the canonical dissipation (5) its antecedent has a simple rate reading. Write the mean
raw throughput ne: =2nxi”_ |f ng, settles above Dmax . then Q= (ng, — Dmax) + is bounded away
from zero, so Q(t) » « and the hypothesis Q(t* ) = Spmax is Mmet at t* = Spax/(Ndo — Dmax) — TOr
any finite Spyax - The necessary condition for robust long-time viability on the substrate axis
is therefore the rate condition ng, < Dmax; the reservoir Spax governs how long a transient
overshoot can be absorbed (the cumulative buffer of P6, §5.2), not whether sustained over-
shoot is survivable. In corridor terms (§3.2), the third coordinate is effectively Dmax relative
to throughput, with Spmax setting transient tolerance. (Under the health-coupled variant of
§2.5, by contrast, ng¢, is itself multiplied by H and the overshoot self-arrests, so this ante-
cedent is never met — see §6.1.)

Remark. This is the crucial correction from a naive esssup;Sqs = Dmax cONdition. A momentary
overshoot does not collapse the substrate — it only increments () by a finite amount, and

18



may decrement H negligibly. Only sustained or repeated overshoot accumulating to Smax
collapses the substrate. This matches the physical intuition that ecosystems and hardware
tolerate transient stress but not integrated, unrelieved overload. Note that this lemma proves
necessity of (V3b), the cumulative condition; the instantaneous condition (V3a) is strictly
stronger and is not what the substrate-collapse argument requires.

The three lemmas establish that each of the three conditions is individually necessary for
robust viability under the stated assumptions. Since (V1), (V2), and (V3b) must hold
simultaneously for membership in \/, the joint necessity of y >0, K> K., and Q(t) < Smax Vt
follows. I}

3.4 Conjecture 1 (Sufficiency)

Erratum (2026-09-07). The sufficient condition stated below is false under its Lorentzian
continuum/Ott-Antonsen interpretation. The Lorentzian frequency density is explicitly
allowed in §2. At H = ] . its reduced coherence equation gives, for 0 < rmjn < 1.

r=rl§1-r?)—A4],  Koor= 28— >Ke =20,

For A =1.rmin =0.5,and K = 2.2, 0nset is exceeded but r, =/1/11 <rmn- The vector field is
strictly negative and bounded away from zero throughout [rmin, 1]: every initially viable re-
duced trajectory exits that interval in finite time. Thus no invariant open set exists on this
coherence axis, even with independent safe resource requlation and Q = (. This is an axis-
level counterexample at full substrate health, not the coupling-induced transient possibility
discussed in the original text.

The conjecture also leaves its regime unspecified: Lemmas 1 and 3 are finite-J\], while Lemma
2 uses \| » oo.Areplacement must fix a common state space and admissible initial
distributions before asserting an open set {J, then supply a floor-dependent coherence
condition. In the Lorentzian continuum reading that condition is explicit: K>2a/(1 -2, ), i.e. the
stable branch r«(K) lies strictly above I'min (equality gives forward invariance of [Fmin, 1]
with zero limiting margin). For a general density g, the stationary analogue r« (K) = rmin on
the self-consistent branch of Appendix A.2 defines the candidate threshold; what is missing
is an invariance argument off the Ott—-Antonsen manifold, and that is the open step. The
scalar result does not by itself settle arbitrary phase-distribution classes or finite

populations. See the derivation, scope and finite-size control.

The original v1.0 argument below is retained as history; its sufficient conjunction is
superseded in the Lorentzian continuum reading.

Necessity (Theorem 1) shows that y > 0 cannot be dropped: with no brake, Lemma 1 forces
monopolisation. But y > 0 is not expected to be sufficient. Because the brake activates at
Xreg < Xcrit (§2.4), the relevant question for sufficiency is whether the requlatory vector
field points inward before the trajectory reaches the failure boundary Xcrit. This requires the
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brake to be strong enough — a threshold Y¢ depending on the requlatory gap, the domin-
ance margin, and the population:

\gamma_c = \gamma_c\bigl(x_{\text{reg}}, \, x_{\text{crit}}, \, \delta, \, N, \, H_{\min}
\bigr).

A leading-order boundary-balance estimate makes the dependence explicit. Consider a tra-
jectory at the failure boundary, Xj* = Xcrit, with the other shares below Xreq. The replicator
drives the dominant share outward at rate x*™ = xqi(1 - xe)6 (from the bound in Lemma 1), while
the brake (4) pulls it inward at rate = y (Xcrit — Xreg) (the redistribution term contributes at
O(1/N) and is dropped). The vector field points inward — keeping the trajectory off the
boundary — when the brake dominates, giving

Ve = M=l (9)
[ [HEURISTIC] ]. Estimate (9) is a leading-order balance, not a proof of Conjecture 1: it ignores
the redistribution back-reaction, finite-J\] corrections, and the coupled H dynamics. But it
predicts the qualitative dependence — Y¢ grows with the dominance margin § and shrinks
as the requlatory gap Xcrit — Xreg widens — and Appendix C confirms it numerically: the in-
corridor transition in MaXXi crosses X¢rit at the Yc¢ that (9) predicts (to within the sweep res-
olution).

Conjecture 1 (Sufficiency). Under the assumptions of Theorem 1, with the requlatory
threshold strictly below the failure threshold (Xreg < Xcrit), the strengthened conjunction

V> Vc: K> KCI Q(t) < Smax Vt

is sufficient for robust viability: there exists a non-empty open set J € V/ such that every
trajectory starting in J remains in \/ for all t = Q. [ [CONJECTURE] ]

Note the asymmetry: necessity requires only y >0 (Theorem 1); sufficiency is conjectured to
require the stronger Y = Yc. Establishing Y¢ explicitly — even for the all-to-all, large-J\] case
— would be the central technical step in proving Conjecture .

We do not prove this conjecture. The obstacle is structural: the three mechanisms are
coupled through shared state (resource shares Xj appear in both the replicator and the en-
tropy equations; substrate health H feeds back through (57) into the resource dynamics).
We cannot rule out a priori coupling-induced failure modes that arise even when all three in-
dividual constraints hold — for example, transient excursions of r(t) below I'min during re-
gime shifts in Xj, or oscillations in s, that produce accumulated overshoot episodically.

What we offer in lieu of proof:

1. Numerical evidence (Appendix C): for a representative parameter triple satisfying the
three inequalities, the TEO system exhibits stable long-time behaviour, and all three
failure modes reproduce at the corridor boundaries — resource concentration (Lemma
1), coherence collapse (Lemma 2), and, under the canonical raw-throughput dissipa-
tion (§2.5), the substrate veto (Lemma 3): when throughput exceeds Dy, the accu-
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mulated overshoot crosses Smax and H — 0. (The health-coupled variant instead self-
limits below Syax — the substrate-self-requlating regime of §6.1.) The evidence is illus-
trative — single initial conditions at representative parameters, not a sampling of the
open set (J — and so corroborates rather than proves Conjecture 1.

2. A viability margin built from margin-to-boundary terms, one per constraint:

m_x = x_{\text{crit}} - \max_i x_i, \qquad m_r = r(t) - r_{\min}, \gqquad m_S = S_{\max} -
\Omega(t),

M(x,0,H): =min{my, m,, ms}.

Each M . measures the signed distance to one boundary of \/; M is positive on the interior
of V/. vanishes on the boundary gV/, and is negative outside. M is not a Lyapunov function —
r(t) is not generally monotone, and IMg only decreases under accumulated stress — so we
make no monotonicity claim. M is a viability margin: it tracks how close the trajectory is to
violating the nearest constraint. Whether a monotone modification (a true Lyapunov
function on the coupled system) exists is open; a smooth approximation M_\beta = -
\tfrac{1}{\beta}\log\sum_\bullet e”{-\beta m_\bullet} to the minimum may be more tract-
able for such an analysis.

A formal proof of sufficiencuy, likely via Lyapunov or invariant-manifold methods adapted
from coupled-oscillator stability theory (Strogatz, 1994; Aubin, 1991), is left as future work.

3.5 Remarks

The asymmetry between necessity (Theorem 1) and sufficiency (Conjecture 1) is methodolo-
gically deliberate. Necessity is robust: each lemma can be proved within an established sub-
field — replicator dynamics, Kuramoto theory, thermodynamic constraint theory — under the
stated assumptions. Sufficiency would require a global stability argument that, to our know-
ledge, has not been carried out for systems coupling exactly these three mechanisms. The
erratum in §3.4 sharpens the asymmetry: the conjectured sufficient conjunction is refuted in
its Lorentzian continuum reading, so sufficiency is not merely unproved — it must first be

restated with a fixed population regime and a floor-dependent coherence condition.

Three observations follow:

1.By Theorem 1, the viable corridor C is contained in the region
{y>0, K>K, Q(t) <Smax Vt} (necessity). Sufficiency requires strictly more than
membership in this region — at least Y = Y¢ on the resource axis and a floor-depend-
ent coherence condition stronger than K> K.; the conjunction as stated in Conjec-
ture 1is refuted in its Lorentzian continuum reading (erratum, §3.4) — so C is in general
a proper subset of this region. Under the model’s assumptions, parameter values out-
side the necessity region cannot support robust viability. These are necessary model
conditions — not topological invariants of physical reality, but conditions the dynam-
ical system requires under (17, all-to-all coupling, and the substrate phenomenology of
(6) [ [FORMAL] , conditional on assumptions].
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2. The corridor is, in our schematic visualisation (Figure 1), narrow in the three-dimension-
al parameter space. Whether the corridor’s measure (under any reasonable paramet-
erisation) is actually small for systems of interest is an empirical question discussed in
§5.

3. The mapping of the three constraints to civilizational parameters in §4 is the structur-
al-isomorphism hypothesis introduced in §1, not an established equivalence. §4
develops it as a heuristic regime assignment.

The Viable Corridor in TEO Parameter Space
Necessity region: {y >0} n {K>K:} n {Q(t) < Smax}
(sufficiency conjectured to require y > y,)

" Necessity region (contains corridor C)
1 y=0: monopoly boundary (Lemma 1)
K=K coherence-collapse boundary (Lemma 2)
[ substrate veto: Q(t) = Smax (Lemma 3)
= Unconstrained (paperclip) trajectory

\

0.0

hOm .
eOstat,'C regu/ms: 0.8 0.25 S
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§4. Al and Civilization: A Structural-Isomorphism Hypothesis

This section develops the structural-isomorphism hypothesis introduced in §1: that the
parameter regime of a hypothetical unconstrained Al optimizer and that of twenty-first-
century human civilization map onto similar trajectories in the TEO framework. We emphasise
that this is a hypothesis to be tested, not a demonstrated isomorphism. The mapping in §4.1
is a heuristic regime assignment, not a calibration; the data in §4.2 are proxies, not direct
measurements of Y, K, or Dmax - The 85 measurement programme outlines what would be re-
quired to graduate the hypothesis into a measured claim.

4.1 Heuristic Regime Mapping

Table 1is a heuristic regime assignment [ [HEURISTIC] ] — a mapping at the level of direction

and qualitative regime, not point estimation. Each civilizational entry should be read as "con-
sistent with the model’s failure-mode regime”, not as “calibrated value of the parameter”. The
paperclip entries are stipulated by the thought experiment (Bostrom, 2014). The civilizational

entries are proxies whose connection to the TEO parameters is discussed in §4.2 and §0.

Table ‘1. Heuristic regime mapping between the paperclip maximizer and contemporary hu-

man civilization. Civilization entries are qualitative regime indicators, not point estimates of

TEO parameters.

PARAMETER PAPERCLIP MAX-
IMIZER

Objective Bi paperclips per

0 unit time

Y (homeo- 0 (by construc-

static tion)

brake)

K (value undefined (single

coupling) agent)or Q
(population of in-
different copies)

Substrate trajectory ap-

stress vs.\ proaching the

Dinax limit (model out-

put, not stipu-
lated)

HUMAN CIVILIZATION (2024)

GDP growth / capital accumulation as a macro-
level proxy for throughput-oriented optimization
(not a claim that society literally optimizes GDP)

Yeff insufficient or subcritical relative to concen-
tration dynamics: existing brakes (taxation, anti-
trust, environmental law) have not prevented
rising concentration

Keff possibly declining in some polities: the US
shows the sharpest measured rise in affective po-
larization; cross-country trends are heterogen-
eous (five of twelve OECD countries rising, six
falling), so any Keff assignment is per-system, not
global

Substrate-stress proxies indicate multiple safe-
operating-space boundaries transgressed; not a
direct measurement of dS/dt or Dmax

CIVILIZATION
REGIME INDICAT-
OR

World Bank WDI;
Penn World Table

Piketty (2014); Phil-
ippon (2019); cf. §6
on what "subcritic-
al” means here

lyengar et al. (2019,
US); Boxell et al.
(2024, cross-coun-
try)

Richardson et al.
(2023); Rockstrom
et al. (2009); NOAA
(2024)

The qualitative claim is that the direction of each parameter and the regime match the tra-

jectory the model predicts as non-viable in the long run. We do not claim that

Yeiv, 2024 = 0.03 £ 0.01. We claim that civilizational data, interpreted through the proxies
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named in §4.2, are consistent with the parameter regime that Theorem 1 identifies as non-vi-
able. Strengthening this from regime indication to point estimation, and operationalising

what K. would even mean for real societies, are open empirical tasks taken up in §5.

4.2 Empirical Proxies (Not Direct Measurements)

Substrate-stress proxies. Atmospheric CO, has passed 420 ppm (NOAA Global Monitoring
Laboratory, 2024), exceeding the pre-industrial baseline by approximately 50%. Six of the
nine planetary boundaries defined by Rockstréom et al. (2009) have been transgressed
(Richardson et al., 2023): climate change, biosphere integrity, biogeochemical flows (N and
P), land-system change, freshwater change, and the introduction of novel entities. These are
proxies for substrate stress, not direct measurements of s, or D54 : the planetary-bound-
aries framework is a multi-variable safe-operating-space assessment, not a single
thermodynamic budget. The mapping to TEO variables is heuristic.

Resource-concentration proxies. Adults holding more than USD 1 million — roughly 1.5% of
the world’s adult population — hold close to half of global household wealth (UBS, 2024).
Long-run capital dynamics document persistent concentration pressure (Piketty, 2014), and
U.S. product-market concentration has broadly increased while competition has weakened
(Philippon, 2019). These trends are consistent with a regime in which Yeff is insufficient to
prevent concentration; they do not directly measure Y.

Value-coupling proxies. Affective polarization in the United States has intensified markedly
since the 1990s, with cross-partisan trust at historical lows (lyengar et al., 2019); the Pew
Research Center documents widening gaps between partisan groups on values, policy pref-
erences, and institutional trust (Pew Research Center, 2014-2022). Cross-country measure-
ment complicates the picture in an instructive way: across twelve OECD democracies over
four decades, the US shows the largest increase in affective polarization, five countries show
smaller increases, and six show decreases (Boxell et al., 2024). On the Kuramoto interpreta-
tion, Keff is a per-system parameter, and the heterogeneity is what the interpretation ex-
pects — different societies at different points on the coupling axis — while the US series is
consistent with a declining Kefr. None of this establishes that K < K, for any well-defined K¢;
what K. would even mean for a real society is itself open (§5).

These three sets of proxies do not, jointly or individually, determine the trajectory. We claim
only that they are consistent with the parameter regime that Theorem 1 identifies as non-
viable under the model’s assumptions.

4.3 The Three-Phase Trajectory (Heuristic Scenario)

Under the structural-isomorphism hypothesis, the model with y - 0, K < K., and accumulated
substrate overshoot generates a three-phase scenario [ [HEURISTIC] ]. We label these phases
by their dominant dynamic. The scenario is not derived from the coupled ODEs as a single
proof — it is a sequencing of the failure modes proved separately in Lemmas 1-3.

Phase 1: Monopolistic Concentration. Under the unrequlated replicator equation (Lemma 1),
resource shares converge toward the strictly-dominant agent’s vertex; the system becomes
fragile but still functional. Paperclip case: the optimizer acquires all matter. Civilization case
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(heuristic): accelerating concentration of wealth, compute, energy, and attention, in a
regime-indicator-consistent way.

Phase 2: Substrate Approach. The dominant agents continue maximising their raw fitness .
Because the dissipation (5) tracks this raw throughput regardless of substrate health (§2.5),
entropy production climbs past Dyax and the accumulated overshoot () grows — the
agents do not self-throttle as the substrate degrades. Paperclip case (model output): the
optimizer’s computation heats its hardware toward thermal limits. Civilization case (heuristic
interpretation): climate change, ocean acidification, topsoil depletion, aquifer drawdown —
possible physical manifestations under the model’s mapping, not deterministic
consequences of the model alone.

Phase 3: Substrate-Driven Termination. Once accumulated overshoot reaches Spyax (Lemma
3) — reached endogenously here, precisely because production does not self-throttle —

H — 0 and the substrate coupling (5°) drives the effective fitness f; - 0. The competitive dy-
namics freeze. Paperclip case (model output): hardware degrades; production collapses.
Civilization case (heuristic interpretation): possible manifestations include crop failure, water
scarcity, ecosystem collapse, civilizational contraction — contingent, multi-causal, and un-
even; the model does not predict their specific form or timing, only that, under the
hypothesised mapping, substrate-driven dynamics dominate.

4.4 \Why the Failure Is Not Visible Locally [ [HEURISTIC EXPLANATORY CLAIM] ]

This subsection is an interpretive aside, not a formal result; it explains why, under the model,
participants might not perceive the trajectory they are on. Theorem 1's necessity proof rules
out robust viability under the failure of any constraint. It does not predict when an external
observer would detect the trajectory toward failure. We appeal here to a separate property
of the dynamics: in coupled dynamical systems with emergent macro-behaviour, the global
state is typically not computable from local information without executing the full dynam-

ics.

One reason this matters is computational irreducibility (Wolfram, 1985, 2002): for many sys-
tems of interest, there is no shortcut between the local rules and the global trajectory; the
trajectory must be simulated. A second reason is bounded local observability: each agent
sees only its own state and a finite neighbourhood. Together these mean that no local agent
computes its system’s global trajectory — no individual policymaker computes the integ-
rated biospheric trajectory, no consumer the full entropy cost of a supply chain, no voter
the Kuramoto order parameter of their society. Each decision is locally rational; the global
consequence is invisible at the local scale not from ignorance but from a structural property
of coupled systems with emergent macro-behaviour, the same mechanism by which no
flocking bird knows it is in a flock. It is also a partial explanation — within the model — of why
the participants in the paperclip trajectory of §4.3 do not perceive it as such, even when,
were they shown the trajectory, they would name it.

4.5 The Hypothesis Restated

The paper’s central empirical hypothesis, stated precisely [ [EMPIRICAL CONJECTURE] J:
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Available proxies for resource concentration, value coupling, and substrate stress in
contemporary human civilization are consistent with a regime that the TEO model, under
Theorem /1, identifies as non-viable in the long-time limit. Whether the proxies can be
sharpened into TEO-parameter estimates, and whether the system’s trajectory in para-
meter space is in fact approaching the boundary of the viable region, are empirical
questions taken up in §b.

The hypothesis is falsifiable. If point estimators for Yeff, Ketf, and substrate-overshoot can
be constructed, and if their values are shown to be inside the viable corridor (or moving
away from its boundary), the hypothesis is false. §5 discusses the operationalisation; §6

discusses limitations.

The hypothesis is normatively neutral. It does not say what should be done. It says what the
model predicts the dynamical system, under the hypothesised parameter regime, would do.

The title of this paper inverts the hypothesis. The viable corridor — the parameter region
defined by y > 0,K > K., and the accumulated-overshoot bound — is the regime that the
model identifies as necessary for robust long-time viability. Brautigan’s and Amodei’s ma-
chines of loving grace, in our terms, would be systems whose parameters live inside this cor-
ridor. Whether such systems exist, and whether contemporary civilization could be brought
into the corridor from outside, are open questions the model frames but does not answer.

§5. Predictions and Tests

A model is worth taking seriously only to the degree that it can be wrong. This section states
what the framework predicts and how each prediction could fail. We organise predictions by
testability class, because they are not equally accessible:

- Class A — model-internal (testable now, by simulation of Equations 1-6). These check
whether the formal claims of §3 actually hold in the coupled system, and whether
Conjecture 1 survives numerical scrutiny. Failure here would mean the theorem or
conjecture is wrong as mathematics.

- Class B — cross-system empirical (require operationalisation of ¥, K, Dmax against real
data). These test the structural-isomorphism hypothesis of §4. Failure here would
mean the model does not describe real systems, even if the mathematics is sound.

- Class C — Al-specific (testable in agent simulations using the framework’s own instru-
ments). These test the alignment-relevant corollary that constraint architecture, not
capability, governs viability.

We state predictions as [EMPIRICAL CONJECTURE] unless noted.

5./ Class A — Model-Internal Predictions

P1 (Necessity verification). Numerical integration of Equations (1)-(6) should reproduce the
three failure modes of Lemmas 1-3 when the corresponding condition is negated: setting
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Y = 0 should drive maxxi»1: setting K < K. from a coherent initial condition should drive

r(t) » 0; and raw throughput exceeding Dyax should drive accumulated overshoot Q(t) past
Smax . hence H —» Q and a freeze of the competitive dynamics. Confirmation: observed tra-
jectories exit |/ through the predicted boundary. Falsification: a parameter setting violating
one condition that nonetheless keeps an open set of trajectories in \/ would refute the cor-
responding lemma. Appendix C reports this test: all three failure modes reproduce, including
the substrate veto, which under the canonical raw-throughput dissipation (§2.5) is reached
endogenously once throughput exceeds Dmax (Q/Smax = 27.H = Q); the health-coupled
variant instead self-limits (Q/Smax = 0.86, H = 0.14 ) — the substrate-self-requlating
regime (Appendix C; §6.1).

P2 (Yc existence and scaling). Conjecture 1 predicts that, with Xreqg < Xcrit fixed, there is a
critical brake strength y. > 0 below which even regulated systems exit |/ and above which
an open set of trajectories remains. Confirmation: a sharp (or at least monotone) depend-
ence of the in-corridor fraction on Y, with a knee near a Y¢ that scales with the regulatory
gap Xcrit — Xreg and the dominance margin § as the boundary-balance estimate (9) of §3.4
predicts (confirmed in Appendix C). Falsification: no positive Y keeps trajectories in |/ for
Xreg < Xcrit (which would mean the brake formulation is still wrong), or, conversely, arbitrarily
small Y suffices (which would mean y. = 0 and the sufficiency framing is too weak).

P3 (Corridor geometry). The model predicts that the viable corridor C is a connected region
bounded below in each coordinate — a lower corner of (y, K, Dmax) space, unbounded above
(larger Y, K, or Dmax remain viable) — rather than a finite-measure box. (The reservoir Spax is
deliberately not a corridor coordinate: by the rate-form remark of §3.3, under sustained
overshoot no finite Syax restores viability and under the rate condition any suffices, so a

(Y, Smax) slice has no lower boundary in Spax — cf. the closing parenthesis of Appendix C.3.)
Confirmation: sampling parameter space recovers a connected region whose lower boundary
tracks the necessity surfaces Y¢ and K. (Figure C3 shows exactly this lower corner in the

(v, K) plane) and, on the third axis, the throughput line Dyax = n¢, (the demand crossing of
Figure C4). Falsification: if the in-corridor region is empty (no triple gives robust viability —
the model is vacuous), or if it extends down to y=0, K = 0, or Dyhax = 0 at fixed positive
throughput (a coordinate has no positive lower bound — that constraint is spurious), the

three-constraint framing is wrong.

5.2 Class B — Cross-System Empirical Predictions

These tests presuppose operationalisations of the TEO parameters (§5.4). They are stated
conditionally: if the proxies in §5.4 are accepted, then the following should hold.

P4 (Requlation and concentration stability). On a panel of countries or sectors, a higher
effective homeostatic strength Yeff (proxied by, e.g., fiscal redistribution intensity, antitrust
enforcement rates, or progressivity of effective taxation) should predict slower growth — or
stabilisation — of concentration measures (wealth Gini, market-share HHI) over time,
controlling for confounders. Falsification: no association, or a positive association (more reg-
ulation - faster concentration), under a reasonable proxy and specification.
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P5 (Coherence-collapse signature). If value coupling Kgs can be proxied by cross-group
contact, shared-information measures, or institutional-integration indices, the Kuramoto
interpretation predicts a specific dynamical signature near the transition: critical slowing
down — rising autocorrelation and variance in coherence indicators as Kgff approaches a
threshold from above — rather than smooth linear decline. Falsification: polarization time
series show purely gradual, threshold-free degradation with no early-warning signatures,
which would favour a non-critical mechanism over the Kuramoto one.

P6 (Cumulative, not instantaneous, substrate failure). The accumulated-overshoot substrate
model (6a)-(6b) predicts that what matters for collapse is accumulated overshoot Q(t), not
instantaneous sg,. Empirically: systems that briefly exceed a substrate ceiling but then re-
cover should persist, whereas systems with sustained moderate overshoot should fail even
without dramatic peak stress. Falsification: substrate collapses tracking instantaneous peak
stress rather than integrated overshoot would favour an instantaneous-threshold model and
refute (6b).

5.3 Class C — Al-Specific Predictions

P7 (Hard vs. soft budgets). Among multi-agent Al ecologies, those with hardware- or pro-
tocol-enforced entropy/compute budgets (a structural Dyax ) should exhibit fewer runaway
“paperclip-type” trajectories in adversarial simulations than those with only software limits
that an optimiser can route around. Test: compare matched agent populations under en-
forced vs. advisory budgets in adversarial simulations with real (e.g. LLM) agents; such a test
is future work and does not yet exist. Falsification: no difference in runaway frequency
between hard- and soft-budget populations under matched adversarial pressure. Status
(preliminary, second in-house model): confirmed in a structurally different model (Appendix
D; shared-toolchain caveat in §6.2) — in a stochastic agent-based ecology, hard budgets
hold the substrate-collapse frequency at #0 across all capability levels, whereas soft (rout-
able) budgets collapse with a frequency that rises to 1 as capability grows. This is synthetic,

not a test on real agents; the latter remains open.

P8 (Constraint architecture dominates capability). The framework predicts that, holding
constraint architecture fixed, increasing per-agent capability (model scale) does not move a
system into the corridor — and may move it out, by increasing £ and hence entropy produc-
tion. Test: vary agent capability and constraint strength independently in simulation;
measure in-corridor fraction. Falsification: capability alone (with fixed ¥, K) reliably produces
viability — which would refute the central alignment corollary that "alignment is not a per-
model property.” Status (confirmed in two structurally different models; shared-toolchain
caveat in §6.2): in the TEO ODE (Appendix C.4), raising the capability margin § at fixed

(v, K, Dmax) drives the system out of the corridor — first through the concentration bound-
ary, then through the substrate boundary — and no single-axis strengthening (more Y alone,
or more Dmax @lone) rescues a high-capability system; only raising both together restores
viability. The same pattern reappears in the structurally different stochastic agent-based
ecology of Appendix D: at high capability a hard budget alone leaves a residual monopoly-
failure rate and requlation alone leaves substrate collapse, while only the joint architecture

28



keeps both failure frequencies near zero. The Class C claim about real (e.g. LLM) agent ecolo-

gies remains open.

5.4 The Measurement Programme

Class B predictions are only as good as the operationalisations they rest on. We do not claim
to have these; we state what they would require.

« Yeff (homeostatic strength). Candidate proxies: redistribution as a fraction of pre-tax
concentration; antitrust action frequency normalised by concentration; the rate at
which above-threshold shares are reduced relative to their excess. The hard part is
calibrating the threshold Xreg at which real regulation engages, distinct from the
failure threshold Xcrit.-

+ Keff and K (value coupling and its critical value). Candidate proxies for Keff: cross-par-
tisan contact rates, shared-media saturation, inter-group trust. The deeper difficulty is
that K. is not directly observable: it depends on the dispersion of "natural frequen-
cies” (value orientations), which has no settled empirical operationalisation. Estimating
K. for areal society is, at present, the weakest link in the empirical chain.

* Dimax s Smax s Q(t) (substrate capacity and overshoot). The planetary-boundaries
framework (Richardson et al., 2023) is the closest existing proxy, but it is multi-dimen-
sional and does not reduce to a single thermodynamic budget. A defensible mapping
would need to justify aggregating multiple boundary overshoots into one Q(t).

Until these operationalisations exist, the Class B predictions remain conditional: the model
tells us what to measure, not what the measurements are.

5.5 What Would Falsify the Framework

We distinguish falsification at three levels, matching the epistemic tags:

1. The mathematics ( [FORMAL] / [CONJECTURE] ). If P1 fails, a lemma is wrong. If P2 fails, Con-
jecture 1is wrong (or the brake formulation still is). These are the cleanest tests and
require only simulation.

2. The model’s applicability ( [HEURISTIC] / [EMPIRICAL CONJECTURE] ). |f P4-PG6 fail under
reasonable operationalisations, the TEO equations do not describe real social systems,
regardless of their mathematical validity. The structural-isomorphism hypothesis of §4
would be refuted.

3. The alignment corollary (Class C). If P7-P8 fail, the claim that constraint architecture
rather than capability governs viability is wrong, and the paper’s relevance to Al
alignment collapses even if everything else holds.

A framework that survived Class A but failed Class B would still be a valid piece of dynamical-
systems mathematics with no demonstrated bearing on civilization or Al. A framework that
survived Class A and C but failed Class B would bear on engineered multi-agent systems but
not on civilizational dynamics. We regard Class A as the near-term priority, because it is the
only class testable without resolving the measurement debt of §5.4.
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§6. Limitations and Counterarguments

We separate four kinds of limitation: the model-assumption choices that shape the result
(§6.1), the gap between what is proved and what is claimed (§6.2), the empirical applicability
of the framework (§6.3), and the mechanisms the model omits entirely (§6.4). We then state
and respond to the single strongest objection (§6.5).

6.1 Model-Assumption Limitations

The theorem of §3 is conditional on several modeling choices, each tagged [MODEL ASSUMP-

TION] in the text. Their consequences:

- Strict dominance (1°). Lemma 1 assumes a single agent j * with a uniform fitness ad-
vantage § > Q over all others at every state. This is strong. Real resource dynamics
often have context-dependent advantage (no agent dominates everywhere), multiple
competing leaders, or cyclic dominance. Without strict dominance, the replicator
equation admits mixed equilibria and limit cycles, and Lemma 1's clean convergence to
a vertex fails. The honest position: Lemma 1 establishes that unregulated dynamics
with a structurally dominant agent monopolise; it does not establish that all unregu-
lated dynamics do. Whether real concentration dynamics are better modeled by strict
dominance or by weaker conditions is an empirical question (§5.4).

The brake form (4). Uniform redistribution is one of several simplex-preserving brakes.
As noted in §2.4, it can give a net-positive contribution to an above-threshold agent
whose excess is below average. Alternatives (redistribution only to below-threshold
agents; share-weighted redistribution) would change the precise Y¢ of Conjecture *,
though we expect the qualitative existence of a threshold to be robust.

The substrate phenomenology (5°), (6a), (Bb). The coupling fi=H-£? and the accumu-
lated-overshoot dynamics are phenomenological. A linear H-coupling is the simplest
choice; a saturating or threshold coupling ¢(H) would change the collapse dynamics.
The accumulated-overshoot model (integrated excess over Dmax ) is more defensible
than an instantaneous threshold, but the specific linear accumulation in (Bb) is a
choice.

The dissipation is decoupled from substrate health (the canonical choice). This is the
most consequential single modeling decision, surfaced by the Appendix C numerics
and resolved deliberately (revision v0.5 in the log above). The dissipation (5) is driven
by raw throughput 2", not by the health-coupled effective fitness Hf® that drives
the competitive dynamics (§2.5). The alternative — coupling dissipation to health,

swH 20" — makes overshoot suppress the very throughput that drives it, so
accumulated overshoot self-limits to \Omega_\infty \approx \big(1 - D_{\max}/(\eta\,
\bar\phi_0)\big) S_{\max} < S_{\max} (Appendix C: Q/Smax Plateaus at 0.86,

H = 0.14) and the veto of Lemma 3 never binds from the internal dynamics. That
health-coupled model is the correct description of a substrate-self-requlating system
— one whose production automatically backs off at the limit — but it is the wrong
model for the non-self-throttling optimiser this paper is about (§4.3), which keeps pro-
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ducing regardless of substrate state. Under the canonical raw-throughput dissipation,
the veto binds endogenously whenever throughput exceeds Dyax (Appendix C:
Q/Siax = 27.H = 0). The residual idealisation is that the model self-arrests exactly at
H = Q through an instantaneous, monotone H: genuine overshoot-and-collapse dy-
namics — delays between overshoot and the health response, or an endogenously
shrinking Dmax (£) — are discussed as future work in §6.4. The choice of regime is itself
a testable claim about a system (does its production self-throttle at substrate limits?),
and is the substrate-axis analogue of the hard-vs-soft-budget prediction P7 (§5.3).

« Network and limit assumptions (Lemma 2). The coherence result is stated for all-to-all
coupling in the thermodynamic limit. Real value-coupling networks are sparse,
clustered, and finite. As §3.3 notes, the critical coupling on a general network depends
on the spectrum of Aj;, and finite-J\] systems exhibit fluctuations rather than a sharp
threshold. The componentwise theorem (Lemma 2 in the limit; Lemmas 1, 3 finite-\J) is

honest but not unified.

6.2 The Gap Between Proof and Claim

- The two demonstration models share an author and a toolchain. The paper’s load-
bearing evidence — the capability-loading result (P8) and the hard-vs-soft-budget
result (P7) — rests on agreement between the TEO ODE (Appendix C) and the
stochastic agent-based ecology (Appendix D). These are structurally different models
(deterministic ODE vs. discrete-time stochastic ABM, with budget mechanics the ODE
lacks), and that difference is why the agreement carries any weight. But both were de-
signed, implemented, and analysed by the same author, in the same repository, with
the same numerical toolchain and the same conceptual vocabulary. Agreement
between them is therefore weaker evidence than agreement between independently
built models would be: a shared blind spot — an operationalisation both models inherit
from the same mind, such as the specific "routable budget” mechanism or the shared
canonical dissipation choice — would produce exactly this concordance without the
underlying claim being structural. We state this here, at the top of the limitations on
proof, rather than in an appendix caveat, because it bounds the paper’s strongest
evidence. External replication of P7/P8 in an independently constructed model is the
single most valuable check another group could perform.

Sufficiency is not established, and the stated conjecture is refuted in one admissible
reading. Conjecture 1, as written, fails in its Lorentzian continuum reading (erratum,
§3.4): K > K. admits a coherent branch below the declared floor Fmjn , so the conjunc-
tion yields no invariant open set on the coherence axis even at H = ] . We have not
constructed Yc, even for the all-to-all large-J\] case, and the coherence axis now
needs its own floor-dependent condition. If no corrected conjunction keeps an open
set in |/ under the coupled dynamics, the corridor as a non-empty region is in ques-
tion, though the necessity result (the corridor is contained in the three-constraint re-
gion) is unaffected.
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 The viability margin is not a Lyapunov function. §3.4 is explicit about this. We offer
M = min {my, m,, ms} as a diagnostic, not a stability certificate. A genuine Lyapunov
construction remains open.

- The dissipation proxy (5) is not derived. It is motivated by Landauer-type limits but is a
phenomenological activity-dissipation model, not a theorem about the entropy cost
of the specific computations agents perform.

6.3 Empirical Applicability

- The isomorphism is a hypothesis, not a result. §4 is a heuristic regime mapping. The
strongest empirical claim the paper makes (§4.5) is that proxies are consistent with a
non-viable regime — not that civilizational parameters have been measured and shown
to lie outside the corridor. A rigorous defense of the isomorphism would require TEO
calibration against panel data, which we have not done.

+ K. is not operationalizable for real societies (yet). As §5.4 states, this is the weakest
link: K. depends on the dispersion of value orientations, which has no settled empirical
operationalisation. Claims of the form K < K for contemporary civilization” are, at
present, not measurable.

» The VNM-utility assumption for Al agents. Any application of the framework to real
(e.g. LLM) agents — future work, not attempted here — would assume their behaviour
is approximable as VNM-rational utility optimisation. Transformer attention weights are
not utility functions; pairwise preference responses may reflect training artefacts
rather than stable goals. This assumption is the analogue, for the Al case, of the strict-
dominance assumption for the civilizational case: load-bearing and empirically open.

- The single-angle value reduction. Representing each agent’s value orientation as one
angle 8; € [0, 2m) discards the dimensionality of real preference structures. Two
agents at the same angle may disagree on everything except the one dimension the
model tracks. The Kuramoto reduction buys tractability at a real cost in fidelity.

6.4 Omitted Mechanisms

The model leaves out mechanisms that real systems have, several of which could change the
trajectory:

« Endogenous Dy,5x and overshoot dynamics. The model treats the substrate ceiling as
fixed. Real civilizations have repeatedly expanded their effective Dy3x through
innovation (agriculture, fossil energy, efficiency gains); a model with endogenous,
innovation-driven Dmyax (t) might never reach the substrate veto — or might merely de-
fer it. We regard this as the most important omission and discuss it under §6.5. The
converse is the natural next step for the substrate axis. As the rate-form remark in §3.3
makes explicit, the canonical model collapses through a clean throughput inequality
(ngo > Dmax ) and self-arrests exactly at H = Q via an instantaneous, monotone H.
Genuine overshoot-and-collapse — the dynamics of ecological overshoot, where a
population crashes below its degraded carrying capacity rather than settling at it —
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requires mechanisms this model omits: a lag between overshoot and the health
response, or a Dppax (t) that ratchets down as accumulated damage mounts (a ceiling
that drops once () passes thresholds). Adding either is the most promising route to a
substrate constraint that binds through genuine dynamics rather than a static rate
threshold.

- Exogenous shocks and stochasticity. The dynamics are deterministic. Real systems
face pandemics, wars, climate variability, and technological discontinuities that the
smooth ODEs do not represent.

» Agency and reflexivity. Agents in the model follow fixed update rules. Real agents —
especially the human and Al agents the paper cares about — can observe the model,
anticipate the trajectory, and act to change it. This is precisely the Transition Problem
(§7); it is outside the present model.

« Demographic and structural change. Migration, population dynamics, and the entry/
exit of agents are not represented; [\l is fixed.

6.5 The Strongest Objection

The strongest objection is not any single item above. It is this:

The TEO model has enough free choices — the fitness functions f;, the brake form, the
substrate phenomenology, the value of K. — that it can be tuned to produce the "paper-
clip” narrative regardless of reality. The civilizational mapping in §4 is post-hoc. This is not

a falsifiable scientific model; it is mathematical dressing for a pre-existing thesis.

We take this seriously, and concede part of it. The Class B (civilizational) claims are currently
vulnerable to this objection, precisely because the measurement programme of §5.4 has not
been carried out. Until Yeff, Kefr, Kc. and () are operationalised independently of the narrat-
ive, the §4 mapping cannot be distinguished from a flattering story.

What the objection does not reach:

1. The Class A predictions are narrative-independent. P1-P3 (§5.1) are falsifiable by simu-
lation of Equations (1)-(6) alone, with no reference to civilization. They test whether
the mathematics behaves as §3 claims. A free-parameter model cannot evade a numer-
ical check of its own theorems. The same holds for the capability result (Appendix C.
4): that raising § exits the corridor through two boundaries and resists single-axis
rescue is a fact about the equations, established without any appeal to the §4
mapping — and the accompanying separability check (the axes do not dynamically
conspire) is precisely the kind of result a "tuned narrative” would not volunteer. (What
the numerical checks cannot rule out is the shared-toolchain blind spot of §6.2, first
item: the checks are internal to models built by the same hand.)

2. The necessity theorem is a conditional result, not a fit. Theorem /1 says: given the
stated assumptions, the three conditions are necessary. One can reject the assump-
tions (§6.1), but one cannot accept them and reject the conclusion. That is what

distinguishes a theorem from a narrative.
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3. The paper does not claim the civilizational result. §4.5 states a hypothesis and §5.4
states the measurement debt explicitly. The objection is, in effect, the paper’s own
§6.3 stated adversarially — and we have tried to state it ourselves rather than wait for

areviewer to.

The endogenous-Dyax Point (§6.4) is the objection we find most genuinely unsettling: if in-
novation can expand the substrate faster than optimization consumes it, the substrate veto
is deferred indefinitely and the paperclip trajectory is not inevitable. The model’s reply —
that Landauer’s bound and planetary boundaries impose a finite ceiling that innovation can
raise but not abolish — is a claim about physics, not about the TEO model, and it deserves its
own treatment. We flag it as the most important open question for any future quantitative
version of this framework.

§7. Discussion

71 The Contribution Is the Conjunction

The individual components of the TEO model are textbook constructions: replicator dynam-
ics, the Kuramoto model, a requlatory brake, a dissipation bound. None is novel, and we claim
no novelty for them. The contribution — if the framework survives its tests (§5) — is the con-
junction: the claim that long-time viability requires all three conditions simultaneously, and
that violating any one is sufficient for failure.

It is worth being exact about where the conjunction gets its force, because the numerical
study (Appendix C.4) sharpens — and partly corrects — the naive picture. The three
constraints are not, in the viable regime, dynamically entangled: at fixed parameters the fail-
ure modes are separable — concentration is governed by Y, coherence by K, and the only
coupling channel, the substrate-health variable H, is benign (it freezes the state at sub-
strate collapse rather than driving fresh excursions on the other axes). Across a grid of (y, K)
the decoupled prediction matched coupled robust viability in every cell (grid, ranges, and
matching criterion are specified once, in Appendix C.4, and are not repeated here). So the
conjunction is not a story about three mechanisms conspiring dynamically.

What makes the conjunction bite is shared drivers — single quantities that move several
constraints at once. Capability is the decisive one. Raising the dominance margin § (the
model’s per-agent capability) simultaneously loads the concentration axis (the leading
agent pushes harder) and the substrate axis (throughput, hence entropy production, rises).
Appendix C.4 shows the consequence: a high-capability system exits the corridor through
both boundaries in succession, and no single-axis response rescues it — only strengthening
requlation and substrate headroom together returns the system to \/. This is the precise,
demonstrated sense in which “improvements on one axis do not suffice, and capability
growth pushes a system off multiple axes at once.”
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We are therefore explicit that the framework, not the necessity theorem, is the contribution.
Theorem 1is a conjunction of three individually standard obstruction results; because the
viable region is defined as their intersection and the axes prove separable, the theorem
taken alone is close to definitional. Its role is scaffolding for the substantive, testable claim
the conjunction supports and Appendix C.4 demonstrates in-model: that capability growth
is a shared driver against multiple constraints, so viability is a property of the architecture
of the coupled system — not of any single axis, and not of any single agent. That claim, de-
veloped in §7.2-§7.3, is what we ask the reader to take from the paper.

7.2 Implications for Al Alignment

The corollary most relevant to Al safety is that, under this model, alignment is not a property
of an individual model — it is a property of the coupled dynamical system. Two con-
sequences follow if P7-P8 (§5.3) hold:

1. Constraint architecture dominates capability. Increasing the capability of individual
agents, with constraint architecture held fixed, does not move a multi-agent ecology
into the corridor and may move it out (§5.3, P8) — a behaviour now demonstrated in
the model itself (Appendix C.4): a high-capability system requires joint strengthening
of requlation and substrate headroom, and single-axis fixes fail. This reframes a large
part of alignment research: the target is not only "make the model safer” but "make
the constraint architecture of the ecology satisfy the conjunction.” (That the same
holds for real agent ecologies remains the open Class C question.)

2. Hard constraints beat soft ones. A budget an optimiser can route around (a software
limit) is not a Dmax ; only a structurally enforced bound (hardware, protocol, physics)
functions as the model’s substrate ceiling (P7) — a distinction borne out in the agent-
ecology simulation (Appendix D), where hard budgets suppress substrate runaway
across all capability levels while routable ones fail with rising frequency. This connects
to the broader research programme on substrate-level rather than behaviour-level
safety constraints.

We are explicit that these are conditional implications: they follow from the model, and the
model’s applicability to real Al ecologies is itself a hypothesis (§6.3). Testing the Class C
predictions on real agent ecologies is future work; no such test exists yet.

7.3 Implications for Political Economy

The model is normatively neutral: it describes what the dynamics do, not what should be
done (§4.5). But the conjunction structure has a clear descriptive reading. If the structural-
isomorphism hypothesis held — and we stress it is unproven (§6.3) — then single-constraint
interventions could not bring a civilizational system into the corridor. Carbon pricing alone
(acting on QQ), antitrust alone (acting on ¥), or polarization mitigation alone (acting on K)
would each be necessary but jointly insufficient; the system would exit |/ through
whichever boundary was left unaddressed. The in-model analogue of exactly this single-axis
insufficiency is demonstrated in Appendix C.4 (raising one constraint while a shared driver
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pushes on another does not restore viability); the civilizational reading transfers that struc-
ture only if the isomorphism holds.

This is a prediction, not a policy. We do not claim to know the operational form of Y, K, or Q)
for real societies (§5.4); without that, the reading is suggestive at most. We include it
because it is the most consequential descriptive corollary of the conjunction, and because
it is, in principle, the kind of claim panel data could eventually test (§5.2, P4).

7.4 The Transition Problem

This paper characterises the corridor: which parameter regions support robust viability. It
says nothing about how a system outside the corridor could reach it. That is a different and
harder problem — a question about trajectories between basins, not about the basins them-
selves.

The difficulty is that the structures produced by a non-viable trajectory tend to resist the
parameter changes that would correct it. A monopolised resource distribution (low ¥) con-
centrates the power to block redistribution; a polarised value landscape (low K) fragments
the consensus that collective braking requires. The corridor may be reachable, unreachable
without partial collapse, or reachable only through a narrow path — these are genuinely
open possibilities. A separate essay, The Transition Problem (Peterlein, 2026), develops this,
including a grokking-style hypothesis that the transition, if it occurs, may be sudden rather
than gradual. We flag the transition problem here as, in our view, more consequential than
the static characterisation this paper provides — and entirely outside its scope.

§8. Conclusion

We set out to give a precise reading of a hopeful phrase. Brautigan and Amodei imagined
“machines of loving grace” as a design aspiration. Within the TEO framework, we have arqued
that the relationship the phrase names is better modelled as a constraint: a region of para-
meter space — the viable corridor — outside which the coupled dynamics do not robustly

survive.

What we have established is modest and conditional. Under stated assumptions, the con-
junction y>0,K > K., and bounded accumulated overshoot Q(t) < Smax IS hecessary for
robust long-time viability (Theorem 1). Sufficiency is not established: the conjectured suffi-
cient conjunction (Conjecture 1) is refuted in its Lorentzian continuum reading, and a correc-
ted statement — with a fixed population regime and a floor-dependent coherence condition
— is open (erratum, §3.4). The mapping of this structure to Al optimizers and to human
civilization is a hypothesis (§4), testable in principle through the programme of §5 but rest-
ing today on proxies, not measurements (§5.4, §6.3). We have tried throughout to mark which
is which. Beyond the theorem, the model itself demonstrates the framework’s central opera-
tional claim (Appendix C.4): the three axes are dynamically separable, but capability is a
shared driver that loads onto two of them at once, so no single-axis intervention keeps a
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high-capability system viable — the precise sense in which viability is a property of the
system’s constraint architecture rather than of any one axis or any one agent.

What remains is more than what is done. Sufficiency is open, and its stated form is refuted in
the Lorentzian continuum reading (§3.4). The transition into the corridor from outside is
open and, we suspect, harder than the corridor’s static characterisation (§7.4). The empirical
operationalisation of the parameters — especially K. for real societies — is open (§5.4). And
the deepest physical question, whether innovation can raise the substrate ceiling faster
than optimization consumes it, is open (§6.4, §6.5).

Subject to all of that, the framework supports one inversion of the original phrase:

A ”Machine of Loving Grace” is not a machine that feels love. In this model it is a machine
whose parameters lie inside the viable corridor: ¥ = V¢, K > K., and bounded accumulated
overshoot Q(t) < Smax — operational caring about value coupling, about regulation, and
about the substrate, held simultaneously. No machine has been shown to satisfy this
definition — the parameters are not yet operationalisable for real systems (§5.4), so the
showing itself is currently out of reach — and, under the structural-isomorphism
hypothesis, the same holds for contemporary civilization.

That last sentence is the uncomfortable one, and we have written the paper to make it
checkable rather than merely arresting. If the framework is wrong, the predictions of §5 are

how one would show it.

Appendices

Reproducibility. All quantitative results in this paper are produced by three scripts in the
accompanying repository — simulation-models/alignment-and-veto/teo-civilization/teo_sim-
vlation.py (Appendix C), ../teo-civilization/separability_grid.py (Appendix C.4),and ../
agent-ecology/agent_budget_sim.py (Appendix D) — from fixed seeds (TEO: Params.seed = 7;
ABM: per-run seeds 0..199 ), and every headline number quoted in the text is pinned as a
regression band by tests/test_corridor_headlines.py, whose docstring records the full-run
manifest (~10 minutes of compute) and the reduced Cl configuration. No number in this
paper has any other source.

Appendix A. Derivation Details for the TEO System

This appendix records the standard derivations behind Equations (1)-(6) and the two results
invoked in §3.3 and §6.1. Nothing here is novel; the components are textbook (§7.1). The aim is
to make explicit what each equation rests on, so that the model’s assumptions are separable

from its conclusions.

A1 — Replicator dynamics and strict dominance (1), (1). The unregulated replicator equation
\dot{x}_i = x_i\big(f_i(\mathbf{x}) - \bar{\phi}(\mathbf{x})\big) with ¢=2x preserves the
simplex: 2u=3xf-é2x=é-é=0 (Taylor & Jonker, 1978; Hofbauer & Sigmund, 1998). For two strategies
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the log-ratio obeys Zlog(xi/x;) = f;— f;. Under strict dominance (19, 2 -#%=6>0 for all j=i* and all
X. so with the substrate coupling (5') the regulated-free (y = 0) log-ratio grows at rate

H(RY - ") = He = 0: X; * /X; is non-decreasing, and it diverges — giving x;* (t) = 1 from any interior
start — provided [, nat== (the substrate-safe regime). If instead the veto of Lemma 3 fires
first, [Hdt is finite and the ratio converges, freezing the shares below the vertex; see the
dichotomy remark under Lemma 1 (§3.3). This is the mechanism of Lemma “; it requires the
dominance to hold at every state, which is the content (and the cost) of assumption (1.

A.2 — Kuramoto critical coupling K (2), (3). At full substrate health, the all-to-all model
éf=“r+§§si"(91-9/) rewrites, via the order parameter r e~r{i\psi} = \fraclN\sum_j e~{i\theta_j},as
;= w; + Krsin(y — 8;)) — each oscillator couples to the mean field only through (r, ). In the

N = oo limit, in the frame @ = 0, oscillators with |wj| = Kr phase-lock at sin 8; = w;/(Kr); the
rest drift. Self-consistency of the locked population gives r=« ", cs?0grsinarae (Kuramoto, 1975;
Strogatz, 2000; Acebroén et al., 2005). A non-zero solution bifurcates from r = Q where 1 =
K_c\int_{-\pi/2}~{\pi/2}\cos”2\theta\, g(8)\,d\theta = K_c\,g(@®)\,\tfrac{\pi}{2}.i.e.

For a Gaussian g with std @, g(0) = 1/(ov2n) gives k. = 20v/2/n = 1.596 ¢ (Used throughout Appendix
C); for a Lorentzian g(w) = (A/m)/(w? + A?), g(0) = 1/(rA) gives K. = 2A.ForK<K.onlyr=0 s
stable, so a coherent initial condition cannot be sustained — the mechanism of Lemma 2. (Fi-
nite \] and general networks have no sharp threshold; see §3.3 and Restrepo, Ott & Hunt,
2005.)

A.3 — The homeostatic brake (4) preserves the simplex. With 70 =-yx-xe): + {20 -xe+  sUMMING
over | gives 4=-v2-xe). +20-xa) - =0, Hence adding H; to the replicator leaves 2%=0, s0 =1 is in-
variant for any Y (verified numerically to ~ 1013, Appendix C). The first term penalises
shares above the regulatory threshold Xreg; the uniform second term returns the aggregate
penalty to the population — the caveat that a below-average-excess agent can net positive
is discussed in §2.4 and §6.1.

A.4 — Dissipation proxy (5) and substrate budget (6). Landauer (1961) bounds the heat dis-
sipated by irreversible bit erasure at = kgTln 2 per bit, motivating the assumption that sus-
tained activity carries an unavoidable entropy cost. Equation (5), s:=2w", is a phenomenolo-
gical proxy for that cost as a function of capability-weighted activity — not a derived Land-
auer bound [ [MODEL ASSUMPTION] 1. The substrate has an instantaneous ceiling Dpyax and
a cumulative reservoir Spay ; accumulated overshoot aw = [1(Sy. - bme . os (8a) is Non-decreasing (it
integrates a non-negative quantity), and H(t) = max(0, 1 — Q/Smax) (6b) is therefore non-
increasing — the monotonicity used in the Lemma 3 proof (§3.3).

A.5 — Substrate coupling (5") and the canonical raw-throughput choice. The effective fit-
ness f,=HA” enters the replicator (1) and (with the same prefactor) the value dynamics (2), so
both freeze as H —» Q. The dissipation (5), by contrast, uses the raw £? (§2.5). The two re-
gimes give qualitatively different substrate behaviour, which we derive here. Write the mean
raw throughput ».=3m4" and treat it as roughly constant near a resource equilibrium. - Ca-
nonical (raw): Q= (ndo — Dmax) + - IT Ny > Dmax this is a positive constant, so Q(t) » « and the veto
antecedent Q = Spmax is reached at t* = Spax /(NP — Dmax) TOr any finite Smax — the rate-form
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result of §3.8. - Health-coupled alternative: Sy = Hng,. Overshoot accumulates only while
Hngo > Dmax; as () grows, H falls, and the system reaches a throttled steady state at

He = Dmax/(Ndy), i-€. \Omega_\infty = (1 - H_\infty)S_{\max} = \big(1 - D_{\max}/
(\eta\bar\phi_0)\big)S_{\max} < S_{\max}.The veto is never reached. This is the §6.1 self-lim-
iting result, and the reason the canonical model decouples dissipation from health.

Appendix B. The Viable Corridor Figure

The figure in §3.5 is generated by lab/tools/viable_corridor.py.Source code, parameter val-
ues, and command-line interface are described in the script’s docstring. The figure is illus-
trative; its numerical thresholds are set in that script for visual clarity and are not calibrated
to any specific system (the quantitative results of this paper come exclusively from the
Appendix C-D scripts and are pinned by tests/test_corridor_headlines.py ).

Appendix C. Numerical Evidence for Conjecture 1

All figures in this appendix are generated by simulation-models/alignment-and-veto/teo-
civilization/teo_simulation.py, which integrates Equations (1)-(6) of §2 faithfully (split
simplex-preserving brake (4) with regulatory threshold Xreg < Xcrit; cumulative substrate
Q(t), H(t) of (Ba)-(6b); substrate health H multiplying the replicator drift and the Kuramoto
coupling via (59, while the dissipation (5) tracks raw throughput £% per the canonical model
of §2.5). Unless varied, parameters are N = 50 agents, K = 3.0,y = 1.5, dominance margin
6 =0.30(s0of?9=(1.30,1, ..., 1), agent O strictly dominant per (1), Xreg = 0.30, Xcit = 0.45,
min = 0.50,n=1.0,Dax = 1.5,Smax = 5.0. Natural frequencies are drawn i.i.d. Gaussian,
w; ~ N0, 1), giving a critical coupling k, = 20v2/1 = 1.60 (83.3). Initial conditions are a coherent
phase cluster, 8;(0) ~ N(0, 0.3) — inside |/, as Lemma 2’s reframing requires — and equall
resource shares x;(0) = 1/N. The simplex constraint 2x=1is preserved to maxi2x-11=2x107
throughout, confirming the redistribution term (4) is implemented as a genuine simplex-
preserving flow. These parameters are illustrative, chosen to exhibit the dynamics cleanly;
they are not calibrated to any system (cf. §5.4).

C.1 — P1: Necessity verification (Lemmas 1-3)

We integrate four scenarios and read off the viability margins at t = 80:

SCENARIO max i r Q/Smax (H) VIABLE?
(a) In-corridor (y=1.5,K = 3.0,Dmax = 1.5) 0.346 v 0.946 v 0.00 (1.00) v v
() y=0 (Lemma1) 1.000 X 0.946 0.00 (1.00) X
(c)K=0.8 <K, coherent IC (Lemma 2) 0.346 0.310 X 0.00 (1.00) X
(d) Substrate veto Dyax = 0.3.n=2 (Lemma 3) 0.031 0.950 27.49 (0.00) X X

Scenarios (a)-(c) confirm the first two necessity lemmas cleanly. With the brake disabled (b),
the strictly-dominant agent’s share converges to the vertex maxxi—1.000 exactly the mono-
polistic concentration of Lemma 1. With coupling below critical and a coherent start (c), the
order parameter dephases to r=0.310 < ryin , the coherence collapse of Lemma 2 (note

39



the resource axis stays healthy, isolating the V2 failure). The in-corridor control (a) keeps all
three margins strictly positive for all ¢; note its substrate margin is safe because mean
throughput ngy = 1.1 < Dimax = 1.5 (the rate condition of §3.3).

Scenario (d) exhibits the substrate veto. Under stress (Dmax cut to 0.3, 1 =2, S0 ndy>> Dmax)
the canonical raw-throughput dissipation (5) drives the accumulated overshoot past the
reservoir — Q/Smax = 27.49 — so H - 0 and the competitive dynamics freeze early (the
resource race never develops, maxxi=0.031 gand the coherent phase cluster is frozen at
r=0.950): exactly the Lemma 3 veto, reached endogenously because production does not
self-throttle. The contrast run isolates the mechanism: with the dissipation health-coupled
instead (S»=H2xf”, the entropy_couples_to_H=True variant), overshoot suppresses the very
throughput that produces it, so () self-limits to Qw = (1 = Dmax/(N$o))Smax — here

Q/Smax = 0.863, H plateauing at 0,137 > 0 — and the veto never binds. That self-regulat-
ing variant is the model of a system that backs off at the limit (§2.5, §6.1); the canonical
model, of one that does not.

Appendix C / P1 — necessity verification of Lemmas 1-3 (N=50, Gaussian frequencies)

(a) In-corridor: all three constraints hold (b) Y = 0 » monopolistic concentration (Lemma 1)
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C.2 — P2: Existence and scaling of Y¢
Sweeping y €10, 1.5] at fixed K= 3.0 > K, (so V2 holds throughout) and recording the final

maxXijsolates the brake’s effect on the resource constraint. The dependence is monotone:
weak brakes leave the dominant agent above threshold, strong brakes hold it below. The final
concentration crosses X¢it = 0.45 at y = 0.51 (linear interpolation; grid resolution 0,05), in
close agreement with the boundary-balance estimate (9) of §3.4, which gives

Ye = Xcrit(1 — Xerit)0/ (Xcrit — Xreg) = 0.45-0.55-0.30/0.15 = 0.49. This confirms the existence half
of Conjecture 1 (a positive critical brake strength below which even requlated systems exit

40



\/) and corroborates the scaling claim of P2: Y¢ tracks the predicted ratio of dominance
margin to regulatory gap. It does not establish sufficiency — that an open set of trajectories
remains in |/ above Yc — which would require sampling initial conditions, not a single
trajectory per Y.

P2 — y_c existence: final concentration vs brake strength

=== Xcit=0.45
——=~- predicted y. = 0.49

final maxx;

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
homeostatic strength y

C.3 — P3: Corridor geometry is a lower corner

Sampling the (y,K) plane ona 16 X 16 grid and marking each cell viable when V1 (MaXXi < Xcrit)
and V2 (I > I'min ) both hold yields a single connected region (Figure C3). Its shape is the
qualitative content of P3: the viable set is bounded below in both coordinates — it requires
Y2VYc=0.49 and K= K. = 1.60 — but is open above: larger Y and larger K remain viable
without bound. The corridor is a lower corner of parameter space, not a finite-measure box.
The two necessity surfaces Y¢ (vertical) and K, (horizontal) trace the region’s lower-left
boundary, exactly as the conjunction of Lemmas 1 and 2 predicts. (The substrate axis is
omitted here because, under the canonical model, the operative substrate coordinate is the
rate Dmayx relative to throughput, not Syax : the remark in §3.3 shows that for sustained
overshoot the veto is reached for any finite Spax » SO a (Y, Smax) slice has no lower boundary
in Smax — Whereas a (Y, Dmax) slice would show the expected lower corner, with Sphax setting
only transient tolerance.)
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P3 — in-corridor region (V1AV2) is a lower corner in (y, K)

0 bounded below, unbounded above — not a finite-measure box
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C.4 — Capability loads two constraints; the axes are otherwise separable (P8)

Two further experiments probe whether the three-constraint conjunction has bite beyond
being the intersection of three independent conditions.

The state-axes are separable. We first asked whether the coupled system can leave |/ at
parameters where each constraint, taken individually, holds — i.e. whether the three axes in-
teract dynamically. In the substrate-safe regime they do not: across an 8 X 8 grid of 64
(v,K) cells—y€[0,1.5]and K& [0, 4], evenly spaced — the decoupled prediction

(Y>yc AK>Kc, with yc = 0.495 from Eq. (9) and K. = 1.60 from §3.3) matched coupled
robust viability in every cell (Q mismatches). A cell counts as coupled-robustly-viable when
V1 (MaxXi<Xait) and V2 (I > Fmin ) hold along the entire trajectory (t € [0, 80], standard co-
herent IC). The experiment is generated by simulation-models/alignment-and-veto/teo-civil-
ization/separability_grid.py, which also checks the per-axis empirical form of the de-
coupled prediction (V1 read off a run varying Y alone at reference K = 3,0; V2 off a run vary-
ing K alone at reference y = 1.5) — likewise  mismatches. The only coupling channel is the
substrate-health variable H, and it is benign: when substrate stress drives fH down, it
freezes the trajectory at its current state rather than forcing a fresh excursion — coherence
is caught, not destroyed (under stress [ is held at, or rises toward, its current value; it does
not fall through min )- So in the viable regime the failure modes do not conspire; the con-
junction is, dynamically, close to the intersection of three independent conditions.
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What couples the constraints is a shared parameter: capability. The bite of the conjunction
appears when one driver moves several constraints at once. The dominance margin § — the
model’s proxy for per-agent capability — is exactly such a driver: it sets both how hard the
leading agent concentrates (loading the V1/concentration axis) and how much throughput,
hence entropy, the system produces (loading the V3/substrate axis). Sweeping § at fixed
architecture (y =1.5, K= 3.0, Dmax = 1.5), the system exits the corridor through two bound-
aries in succession: the concentration boundary MaXXi=Xeit near § = .9, then the substrate
boundary (demand ng,=Dmax ) Near § = 1.05 (Figure C4, left). Crucially, no single-axis re-
sponse rescues a high-capability system. At § = 2.0: the baseline fails V1 and V3; raising
only requlation (y = 6) fixes concentration but leaves the substrate breached; raising only
the ceiling (Dmax = 3) fixes the substrate but lets concentration run to maxxi=0.62; only rais-
ing both (Y =6, Diax = 3) returns the system to \/ (Figure C4, right). This is the model-in-
ternal content of "constraint architecture dominates capability” (P8) and of the single-axis-
insufficiency reading of §7: the constraints must be satisfied jointly, and capability growth is
what makes that a binding, non-trivial requirement.

P8 — constraint architecture dominates capability (N=50, K=3.0>K_c)

Capability 6 loads onto BOTH constraints Rescuing high capability (6=2.0): viable only if
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C.5 — Caveats on this evidence

This appendix corroborates the Class A predictions; it does not discharge them. Three limits
bound its reach. (i) Single trajectories, not open sets. Robust viability (§3.1) is an open-set
property; each cell or sweep point here is one initial condition, so the figures show that rep-
resentative trajectories behave as the lemmas predict, not that an open neighbourhood
does. A proper test of Conjecture 1's sufficiency would sample initial conditions within \/ and
measure the in-corridor fraction. (i) lllustrative parameters. The values above are chosen for
clean dynamics, not calibrated; the locations of Y¢ and K are parameter-dependent, though
their existence and the lower-corner geometry are not. (iii) Finite-\] floor. At N = 50 the in-
coherent state retains a residual -~ 1/Vn = 0.14 rather than zero, so Lemma 2's 'r - Q" ap-
pears here as ”J falls well below mjn ”; this is the expected finite-size signature (§3.3), not a
discrepancuy. Finally, the substrate veto of C.1 binds through a rate threshold (ng, > Dmax ) and
self-arrests exactly at H = Q; this is the canonical model’s behaviour (§2.5), and the residual
idealisation — instantaneous, delay-free self-arrest rather than genuine overshoot-and-
collapse — is flagged as future work (§6.4).
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Appendix D. Agent-Ecology Evidence (P7, P8)

Appendix C tests the constraints inside the TEO ODE (Class A). That cannot, on its own, dis-
tinguish a structural regime claim from an artifact of that particular dynamical system. This
appendix reports a second, deliberately different model — a discrete-time, stochastic,
agent-based ecology with explicit hard vs. soft (routable) budget mechanics that the ODE
lacks — generated by simulation-models/alignment-and-veto/agent-ecology/
agent_budget_sim.py . |t introduces no new concepts; it operationalises the Class C predic-
tions P7 and P8 (§5.3) in an independent setting. N = 40 agents hold resource shares Wj;
each has a fixed capability Cj and grows by a noisy discrete replicator throttled by
substrate health H; entropy load is the raw capability-weighted throughput »Z<# (canonical
dissipation, §2.5); a hard budget clips realised activity to [, a soft budget lets the optimiser
route around [); homeostatic regulation Y redistributes above Xreg. A run fails by monopoly
(Mmaxw; =Xcrit, g \/1 failure) or collapse (Q = Smax. & V3 failure); we report failure frequencies over
200 random seeds per condition.

D1 — P7 (hard vs. soft budgets). Sweeping the capability scale C at fixed requlation, the
substrate-collapse frequency under a hard budget stays at = () for every capability level,
while under a soft (routable) budget it climbs from near zero to ] as C crosses the point
where mean demand exceeds the ceiling (C = D/n). Hard, structurally enforced budgets pre-
vent the substrate runaway; advisory limits an optimiser can evade do not, and the gap
widens with capability (Figure D1, left). This is the agent-ecology form of P7 and of §7.2°s
*hard constraints beat soft ones.”

D.2 — P8 (constraint architecture dominates capability). At high capability (C=1.8) we
compare four architectures (Figure D1, right). A hard budget addresses only the substrate
axis: with weak reqgulation it removes substrate collapse but leaves a residual monopoly fre-
guency ( = 0.26). Regulation addresses only the concentration axis: with a soft budget it
leaves substrate collapse at frequency ] . Only the joint architecture — hard budget and ad-
equate Y — drives both failure frequencies to = (). This reproduces, in a structurally differ-
ent stochastic model, the joint-rescue result of Appendix C.4: capability is a shared driver,
and single-axis fixes fail. Note that the two models operationalise capability differently — in
the ODE, § is the dominance margin of a single agent over an otherwise uniform population
(17; here, C scales the capability of the whole population (with dispersion and a built-in lead-
er). That P8 holds under both readings — one agent pulling ahead, and everyone getting
faster — is itself evidence for the structural interpretation: the joint-architecture
requirement tracks capability growth as such, not one particular way of instantiating it.
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Appendix D — agent-ecology test of P7/P8 (N=40, independent stochastic ABM, n=200 seeds/point)

P7 — hard budgets prevent the substrate runaway; P8 — high capability (C=1.8): only hard budget AND
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D.3 — Caveats. This is a synthetic ABM, not a test on real Al agents: it strengthens the case

that the P7/P8 regime behaviour is structural (it survives a change of model), within the lim-

its of the shared-author, shared-toolchain caveat stated prominently in §6.2; the Class C

claim about real (e.g. LLM) agent ecologies remains open, and a real-agent test is future

work (§7.2). The “routable soft budget” is one operationalisation of "a limit an optimiser can
route around” [ [MODEL ASSUMPTION] 1 ; the specific failure frequencies are illustrative and
parameter-dependent, though the qualitative ordering (hard <& soft; joint <€ single-
axis) is robust across the swept range.
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TODO (post-v1.0)

Drafting-history checklists through v0.9 are preserved in the git history of this file (see the

revision log); what remains is submission mechanics and external validation.

Submission mechanics (separate step, after this version): - [ ] Convert to the Artificial Life
Article format (LaTeX or Word; single column, double-spaced; APA v7 bibliography; 5-6
keywords already chosen above) - [ ] Cover letter: scope-fit statement plus the independ-
ent-researcher items the journal asks for (research question, what recent Artificial Life work
this builds on, novelty, relevance to the ALife community) - [ ] Regenerate figures as vector/
B00-dpi versions (journal requirement; PNG currently) - [ ] If the venue decision changes to
JASSS: cut main text to <8,000 words, package both models for the CoMSES Computational
Model Library (ODD-style description), include the model handle in the manuscript - [ ] arXiv
preprint (cs.MA primary, nlin.AO cross-list) — permitted by all three candidate venues

External-review checkpoints (unchanged from v0.9; still open): - [ ] One independent read by
a dynamical-systems expert (verify Lemma 1-3 sketches against Hofbauer-Sigmund, Strog-
atz, Mirollo-Strogatz) - [ ] One independent read by an alignment researcher (Section 4 fram-
ing, the heuristic regime mapping in particular) - [ ] One independent read by a complexity-
theorist or coupled-systems specialist (the substrate coupling in (5’) and the accumulated-
overshoot model in (6)) - [ ] The strongest external check available: independent replication
of P7/P8 in a model not built with this repository’s toolchain (§6.2)

Class C empirical programme: - [ ] A real-agent test of P7/P8 (future work; deliberately not
tied to any existing document — see the v1.0 log addendum)
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