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Abstract

We study emergence of macroscopic lawfulness in a minimal stochas-
tic substrate defined on a finite state space Z with a time-dependent
micro kernel P. A closure interaction algebra composed of six primi-
tives is specified by an enable matrix £ € {0,1}5%6, yielding up to 36
directed actor<informant interactions that (i) rewrite and gate the
micro kernel, (ii) adapt timescale 7, (iii) select coarse-graining lenses
f: Z — X and packagings, and (iv) impose accounting constraints.
For a given (7, f) we construct an induced macro kernel P = Pfff
and the associated empirical endomap E. ¢, and we audit multiscale
behavior along a resolution ladder k£ = |X|. Across a manifest-defined
campaign union spanning four micro sizes n € {32,64, 128,256} (2307
runs total), combining an exhaustive ablation suite for n < 128 with
a computationally motivated scaling suite at n = 256, we find ro-
bust, resolution-dependent signatures reminiscent of geometry and
stochastic thermodynamics, including least-action dominance, diffusion-
consistent embeddings, and non-equilibrium time-asymmetry. Beyond
these substrate-specific results, the Primitive Interaction Closure Alge-
bra (PICA) provides a reusable, implementation-independent object
for specifying and comparing closure mechanisms in other emergent
systems.
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1 Introduction

A central aim of statistical mechanics is to explain how robust macroscopic
regularities can arise from simple microscopic rules. In many domains,
the relevant macroscopic descriptions are not given a priori: they must
be constructed by coarse-graining, and the resulting effective laws may
depend strongly on the chosen observables and scales. Classic perspectives
on emergence emphasize that new organizing principles can appear at higher
levels of description, and that multiscale analysis is essential for separating
universal behavior from microscopic detail [1, 2], 3].

In this work we study emergence in a setting where the microdynamics
is a stochastic process on a finite state space Z. Such dynamics can be
represented by a (possibly time-dependent) Markov kernel, which makes it
natural to use tools from stochastic thermodynamics and nonequilibrium
statistical mechanics. A key object in that literature is the time-reversal
asymmetry of trajectories, which is closely related to entropy production and
is expressible as a log-likelihood ratio between forward and reversed path
measures [4, 5[0, [7,[8]. At the same time, it is well known that coarse-graining
can conceal irreversible dissipation and distort thermodynamic accounting;
this motivates care in interpreting macroscopic signatures of “lawfulness”
under aggregation [9, [10].

A complementary body of work studies effective dynamics by constructing
coarse-grained Markov models and transfer operators from high-dimensional
stochastic systems. In molecular kinetics, Markov state models provide
a practical framework for defining macrostates, validating timescales, and
analyzing metastability [11, 12, 13]. Spectral methods, including Perron
cluster analysis and spectral clustering, motivate concrete procedures for
extracting metastable partitions from stochastic matrices [14] [I5]. Relatedly,
diffusion maps interpret eigenstructure of Markov operators as coordinates
of an induced diffusion geometry [16]. From a Markov-chain perspective, this
raises classical questions about when aggregation yields an exact Markovian
macroprocess (lumpability) versus an approximation [17, [I8]. These perspec-
tives suggest a principled pipeline: (i) define a coarse description, (ii) induce
an effective kernel, and (iii) audit the resulting dynamics and its dependence
on scale.

Our contribution is to combine that pipeline with a closure interaction
algebra specified by six primitives and their directed interactions. The six
primitives—colloquially termed “Six Birds” in the foundational treatment
[19]—are the minimal set of operations from which all closure mechanisms
in our framework are composed. Rather than assuming particles, fields, or



neural units, we begin with a minimal stochastic substrate on Z whose micro
kernel can be rewritten and gated [20]. The closure mechanisms are orga-
nized as a Primitive Interaction Closure Algebra (PICA) with enable matrix
& € {0,1}5%6 encoding up to 36 directed actor«informant interactions. The
primitives act on: (P1) micro-kernel rewriting, (P2) support/gating, (P3)
timescale and protocol adaptation, (P4) lens selection producing a coarse
space X, (P5) packaging/grouping of coarse structures, and (P6) account-
ing/budget feedback. For each choice of lens f : Z — X and timescale 7 we
construct the induced macro kernel P = Pfff and the associated empirical
endomap E. ;. We then perform a multiscale scan along a resolution ladder
k = |X| and apply a suite of audits (structure, time-asymmetry, least-action
dominance, and geometry/diffusion probes) to characterize emergent regu-
larities. The use of path probabilities as action-like quantities is motivated
by classic and modern path-ensemble formalisms [21], 22].

This paper has two linked goals. First, we provide a controlled “toy
universe” in which physics-like signatures can be audited without smug-
gling in domain-specific micro-ontology. Second, we formalize PICA as a
reusable object: a canonical way to specify closure mechanisms and ablation
subalgebras across domains, independent of this particular substrate.

Contributions.

1. We define a minimal stochastic substrate on Z together with a coarse-
graining pipeline that yields (P, E; f) for any (7, f), enabling multiscale
auditing on a resolution ladder.

2. We introduce PICA as a six-primitive closure interaction algebra with
a full 6x6 directed interaction table, and we provide a systematic
ablation taxonomy over subalgebras.

3. Using exhaustive activation and systematic ablations, we demonstrate
robust scale-dependent signatures consistent with distinct macroscopic
regimes(geometry-like versus thermodynamic) under a common Markov-
kernel audit framework.

2 Methods

2.1 Notation and objects

Let Z be a finite micro state space with n := |Z|. The substrate dynamics at

the micro level is represented by a row-stochastic Markov kernel P € [0, 1]"*",



where P,./ is the probability of transitioning from z € Z to 2’ € Z in one
step, and ), P, = 1. A timescale parameter 7 € N defines the 7-step
kernel P7 (matrix power).

A lens (coarse-graining) is a surjective map f : Z — X onto a finite
macro state space X with k := |X|. We write the fiber over z € X as
[l @) = {2 € Z: f(z) = a}.

We use two canonical linear maps between distributions on Z and X.
The coarse-graining operator () pushes a micro distribution p on Z forward
to X:

Q@) == 3 pl2). (1)
z€f~ ()
Conversely, Uy lifts a macro distribution ¢ on X back to Z via a fixed choice
of prototypes 2% € f~1(x):

Usn)(2) = Y nlx) 1{z = 23}, (2)
zeX

The induced macro kernel is the macro-level operator obtained by lift —
evolve — coarse-grain:

uP = Q;((U)P7), P = PX. (3)

The associated empirical endomap FE; ¢ is a Foundations object acting on
micro distributions:

Er5(p) = Ur(Qs(pP7)). (4)

An overview of these objects and their relationships is shown in Fig.

PICA enable matrix

£ €{0,1}5%0
36 directed interactions
Y A
Coarse-graining (lens + timescale) Audits on P (A8)
lens f: Z = X (| — Tl
timescale 7 Zio(m)
1med resolution ladder k = |X| (rungs 2,4,8,...) ;T;Al ap
P= Usp)PT geo

n Qr((Usp) PT) Kiby

E,f(p)=U PT
70) = Ur Qs (P spectral probes (gap_ratio, eigen entropy, Nefr)

Figure 1: Pipeline overview from micro substrate to audited macro dynamics,
showing the canonical objects Z, f : Z — X, 7, P, E; s, and PICA enable
matrix £.



2.2 Minimal stochastic substrate and closure mechanisms

A run is a stochastic process on an augmented state that includes at least the
current effective micro kernel P; together with auxiliary variables used by the
closure mechanisms (e.g., candidate lenses and packagings, route-mismatch
scores, active timescale 7, and accounting/budget state). We denote the
augmented state abstractly by .S; and write the autonomous update as

Sir1 ~Usg (S &), (5)

where & is the internal randomness and £ is the enable matrix defined below.
The output of a run is an audit snapshot containing the effective kernel P at
the sampled step together with derived audit records.

2.3 PICA: the six-primitive closure interaction algebra

Closure mechanisms are organized as six primitives [I9] with directed actor<
informant interactions. The interaction pattern is specified by the enable
matrix

£ € {0,1}5%¢, (6)

where £,3 = 1 enables the interaction cell Pa < PJ. Across all prim-
itives there are 6 x 6 = 36 possible directed cells. Each enabled cell is
realized by a concrete operator acting on components of the augmented
state (kernel rewriting, gating, protocol/timescale adaptation, lens selection,
packaging/grouping, and accounting/budget feedback). We treat PICA as
an algebraic object: a subalgebra is a subset of enabled cells subject to
dependency closure constraints (e.g., consumers requiring their producers).
The full 36-cell catalog with statuses and short semantics is given in Table
and the ablation taxonomy used in this paper is summarized in Table [2| and
Table [3| The key experiment conditions (including baseline/full/generator
families) are summarized in Table 4l The 6x6 interaction grid and key enable
patterns are shown in Fig.

Table 1: PICA 6x6 cell catalog (A7.1): all actor<—informant positions with
class, prerequisites, and one-line semantics.

Cell Actor+ Class Preregs One-line semantics
Informant

Al  Pl<-P1 Action P1 rewrite his- History cooldown (avoid
tory rewriting recently perturbed
rows)




Cell Actor<— Class Preregs One-line semantics
Informant

A2 Pl<-P2 Action  row sparsity Sparsity-guided row targeting
/ gated-edge
counts

A3  P1<-P3 Action route mismatch RM-directed rewrite toward
RM + active par- macro consistency
tition

A4  Pl<-P4 Action active partition Sector-boundary targeting
(selected P4 lens) (near cluster boundaries)

A5 P1<-P5 Action  active packaging Packaging defect targeting
(selected P5) (idempotence failure)

A6 Pl<-P6 Action  audit metrics / Budget-gated suppression of P1
budget ledger when budget low

A7 P2<-P1 Action P1 rewrite his- Protect rewrites (don’t gate
tory newly rewritten rows)

A8  P2<-P2 Action P2 flip history / Flip cooldown (don’t re-flip
cooldown recent edges)

A9 P2<-P3 Action route mismatch RM-guided gating
RM + active par- (cross-cluster edges in high-RM
tition clusters)

A10 P2<-P4 Action active partition Spectral-guided gating
(selected P4 lens) (inter-cluster gating bias)

All P2<-P5 Action active packaging Package-boundary gating
(selected P5)

Al12 P2<-P6 Action  audit metrics / SBRC (repairs free; violations
budget ledger penalized)

11 P3<-P1 Implicit refresh cycle (im- implicit (RM refresh after P1)
plicit)

12 P3<-P2 Implicit refresh cycle (im- implicit (RM refresh after P2)
plicit)

A18 P3<-P3 Action  multi-scale RM adaptive tau from multi-scale
convergence RM convergence

A19 P3<-P4 Action  active partition + per-sector mixing weights
per-sector RM (high-RM sectors get more

P1/P2)

A20 P3<-P5 Action  active packaging packaging-derived mixing bias
+  per-package
RM

Al13 P3<-P6 Action  audit metrics / frob-modulated mixer
budget ledger (structure-driven

explore/consolidate)

13 P4<-P1 Implicit refresh cycle (im- implicit (partition refresh after
plicit) P1)

14 P4<-P2 Implicit refresh cycle (im- implicit (partition refresh after
plicit) P2)

Al4 P4<-P3 Action route mismatch RM-quantile partition

RM




Table 2: T4A: EXP-112 ablation taxonomy as algebraic cell-set constraints.

Family Config labels Algebraic definition #configs |S| range Notes
Null ‘empty* S=0 1 0-0 No PICA cells enabled.
Baseline skeleton ‘baseline’ S =5Sp={P2+« P4, P4+ P4} 1 2-2 Minimal structural scaffold
(A104+A15).
Full ‘full_action‘, ‘full_all* Stun_an = all Action cells (verified) ; 2 24-25 Observed | Stull_action|=24,
Stull_action = Stuit_an \ {A16} |Seu_an|=25.
Generators ‘gen** S = cl(SoUG) where G from gen-name 6 4-8 Reusable low-cardinality generat-
tokens ing subalgebras.
Leave-one-out ‘loo_** S = Stullaction \ {c} 22 23-23 Single-cell removal tests around
full_action.
Full amputations ‘fa_no_** S = Stull_action \ D 7 18-21 Targeted amputations of full_action
components.
Actor-row subalgebras ‘P*row!, ‘P* P*rows* S =cl(SoU{c: actor(c) € R}) 10 4-10 Actor-focused slices of PICA.
Informant-column subalgebras ‘col _P*¢ S = cl(Sp U {c : informant(c) = Pj}) 6 48  Informant-focused slices of PICA.
Singleton kernels ‘A*_only* S = cl(Sp U {A;}) 6 33  One named action cell plus closure.
Pair kernels ‘A*_A* (non-gen) S =cl(SoU{Ai, A;}) 8 4-5 Two named action cells plus clo-

sure.

Cell Actor+ Class Preregs One-line semantics
Informant

Al5 P4<-P4 Action  active kernel spectral partition (canonical
spectrum lens)

Al6 P4<-P5 Action  active packaging package-derived partition
(selected P5)

Al17 P4<-P6 Action  audit metrics / EP-flow partition
EP flow

15 P5<-P1 Implicit refresh cycle (im- implicit (packaging refresh after
plicit) P1)

16 P5<-P2 Implicit refresh cycle (im- implicit (packaging refresh after
plicit) P2)

A21 P5<-P3 Action  route mismatch RM-similarity packaging
RM

A22 P5<-P4 Action active partition sector-balanced packaging
(selected P4 lens) (split oversized clusters)

T2 P5<-P5 Trivial ~ tautology (triv- packaging idempotence (trivial)
ial)

A23 P5<-P6 Action  audit metrics / EP-similarity packaging
EP profile

I7 P6<-P1 Implicit refresh cycle (im- implicit (audit refresh after P1)
plicit)

18 P6<-P2 Implicit refresh cycle (im- implicit (audit refresh after P2)
plicit)

T3 P6<-P3 Trivial ~ tautology (triv- trivial (RM is itself an audit
ial) metric; circular)

A24 P6<-P4 Action  active partition + sector-specific budget rate
per-sector EP multiplier from per-sector EP

Ul P6<-P5 Unde-  undefined (circu- undefined (no clear non-circular

fined lar) action)
A25 P6<-P6 Action  audit metrics / EP retention feedback cap

retention ledger

(tighten when retention low)




Primitive Interaction Closure Algebra (PICA)

£ € {o, 1}6><6 EXP-112 inset enable matrices (from pat_config.enabled)
Cell notation: actor < informant 1T m
PL P2 P3 P4 P5 PG ::#: @
Pl(rewrite) | A1 | A2 | A3 | A4 | A5 | A6 L
baseline (—E—=2) full_action (—E—=24)

P2(gate) AT A8 A9 | A10 | Al11 | A12

P3(holonomy) | 11 12 | A18 | A19 | A20 | A13 & ﬂ
[T

P4(sectors) | I3 14 | Al4 | A15 | Al6 | AL7 full_all (—E—=25) gen6_core_A12_A25 (—E—=8)

P5(packaging) 15 16 A21 | A22 2B A23

P6(audit) 17 18 T3 A25

[] Action (A, 25) [ TImplicit (I, 8) I Trivial (T, 2) Undefined (-, 1)

Figure 2: PICA 6x6 grid with class encoding aligned to Table [1] statuses
(Action/Implicit/Trivial/Undefined), plus EXP-112 inset enable matrices for
baseline, full_action, full_all, and gen6_core_A12_A25.

Table 3: T4B: Generator subalgebras present in EXP-112 (config-level).

Generator config |S| Named tokens Extra closure cells Enabled cells
gen2_A14_A13 4 A13; Al4 none see CSV
gen3_A13_A14_A19 5 A13; Al4; A19 none see CSV
gen3_A13_A18_A19 5 Al13; A18; A19 none see CSV
gend_core 6 none A13; Al4; A18; A19 see CSV
genb_core_A25 7 A25 A13; Al4; A18; A19 see CSV
gen6_core_A12_A25 8 Al12; A25 A13; Al4; A18; A19 see CSV

2.4 Coarse-graining and multiscale scan

For auditing, we perform a multiscale scan that constructs macro kernels Is(k) over a
resolution ladder indexed by k = |X|. For each target scale kiarget € {2,4,8,16,32,64}
(subject to ktarget < min(64,|n/2])), we construct a partition fx : Z — X using a spectral
sign-pattern procedure: we compute d = [log, (ktarget)] leading nontrivial eigenvectors of
a reversible similarity transform of P, assign each micro state to a cluster by the sign
pattern in {—, +}d, and then compact away empty clusters to obtain an actual cluster
count k = | X|. Duplicate actual k values are skipped so the scan yields a strictly increasing
set of realized resolutions.

For each realized resolution k, we choose a timescale 7 as follows. If PICA provides an
active 7 (via enabled protocol/timescale mechanisms), we use that value; otherwise we use

the default adaptive rule
o 4
7T =max| 1, |——=| ], T <107, 7
() g

where g(P) is the spectral gap proxy of P and « is a fixed hyperparameter. We then



Table 4: Key conditions used in the main narrative under the manifest-
defined dataset union.

Condition |E| lens packaging  Tcap Tmed activer rate
Null (empty) 0 MinRM MinRM 10000 1.0 0.0000
Baseline (baseline) 2 MinRM MinRM 10000 2.0 0.0000
Full-Action (full_action) 24 MinRM MinRM 10000 9.0 1.0000
Full-All (full_all) 25 MinRM MinRM 10000 8.0 1.0000
Gen6-core (gen6_core_A12_A25) 8 MinRM MinRM 10000 10.0 1.0000

compute P and construct the macro kernel ﬁ(k) = Pffk using .
A central intermediate diagnostic used by lens/packaging selectors is route mismatch,
which quantifies within-cluster heterogeneity under 7-step dynamics. For a partition

f: Z — X with k = |X|, define for each z € Z the projected 7-step destination
distribution over clusters:
X T
D= (ZC,) = Z (P )zz" (8)
2 ef—1(a')

Let P(x,-) be the induced macro row for cluster z = f(z) (an average of pX over the fiber).
The route mismatch score for cluster z is the fiber-average L' deviation:

2.5 Audit metrics

All audits are computed on macro kernels P (k) for realized resolutions k < 64. Let 7 be

the stationary distribution of P (left eigenvector with n P=n"

1), and let J, := 17" be the rank-one kernel whose rows equal .

, normalized to sum to

Structure and mixing. We report the Frobenius distance from the rank-one
stationary kernel: N

frob(P) := ||P — Jx| e (10)
We also report standard spectral diagnostics derived from the eigenvalues of a symmetrized
operator (defined below): relaxation time .1 = 1/(1 — |A2]), a gap ratio, an eigenvalue
entropy over the nontrivial spectrum, and an effective spectral participation count.

Time-asymmetry and cyclic irreversibility. A stationary finite-horizon
path-reversal asymmetry proxy is computed at horizon T' = 10:

Zl()(ﬂ') = 1027‘(‘1 ﬁij 10g<;ij), (11)
i,j Ji

with numerical caps when .f:i\j > 0 but ﬁji ~ 0. We additionally report a direct Frobenius
antisymmetry score |[P — P'||r and a 3-cycle chirality diagnostic. For each directed
triangle (4, j, k) we define the cycle affinity

A, 5, k) = 1og<gij> + log<?> + log<gki> 7 (12)
ji kj ik

9




again with numerical floors/caps. We record the mean and maximum of |A| across triangles
and the count of triangles exceeding a fixed threshold.

At the run level we also compute a transient finite-horizon entropy-production-like
quantity o, using a uniform initial macro distribution and including a boundary Shannon-
entropy term. Finally, we report oratio, defined (when well-conditioned) as the ratio of
macro o, to the corresponding micro value computed on P” at the matched 7.

Lagrangian probes: least-action dominance and geometrizability.
The Lagrangian probes treat per-edge negative log transition probability as an action
surrogate: R

(i — j) == —log(max(Py,¢)), e=10""". (13)

The per-step transition entropy is

Heep(P) = *ZMZ?M log(max(ﬁij,s)). (14)

Least-action dominance is quantified by the two-step PLA2 gap. Let (ﬁz)lk be the
two-step transition probability and define the two-step action

az(i, k) == —log(max((ﬁQ)ik, g)).
Define the best two-step path cost through a single intermediate state:
a*(i,k) = min[l(i — 7) +£(j — k)]. (15)
J
The PLA2 gap is the stationary-weighted expected nonnegative discrepancy:
PLAZ(ﬁ) = Zm(ﬁQ)zk max (0, a*(i, k) — az2(i, k)). (16)
ik

To test geometrizability and diffusion-like structure we compute a reversible spec-
tral embedding of P. We first define the time-reversal kernel P}; := m;Pj;/m; and the

symmetrized kernel ﬁsym = (P + P*)/2. Let D = diag(y/7) and form the symmetric

matrix S = Dﬁsym D™!, whose eigenpairs are computed numerically. Using the top
m < 3 nontrivial eigenvectors 1)(1), e ,v(m) (skipping the stationary direction), we define
embedding coordinates qf“ = vl@)/,/m and ¢; := (qfl), cee, qz(m)).

Geometrizability is assessed by the weighted R? of a linear relationship between action
and squared distance:

d*(i,5) = gy —aill3, i — j) = co+ c1d’ (i, ), (17)

where the R? is computed over directed edges weighted by ﬂ'iﬁij. We report this as RZQO.
Finally, we fit a minimal diffusion-kernel model of the form

Pij(a) o exp(—ad’(i,j)), (18)

row-normalized for each i. We choose a* to minimize the stationary-weighted rowwise KL
divergence

KLy := miny i Dy (13(2-, I PG, - a)) , (19)
and report both a* and KL};g. These quantities are undefined (reported as missing) when
the embedding cannot be constructed reliably (e.g., degenerate stationary mass or too
small k).

10



Table 5: Paper dataset overview by micro size (manifest-defined union).

n Runs Configs Seeds/config Exp IDS Tmed Tmin Tmax activer rate REV count REV rate
32 690 69 10/10/10 EXP-112 375 1.0 10000.0 0.5652 6 0.0087
64 690 69 10/10/10 EXP-112 11.0 1.0 1989.0 0.5652 0 0.0000
128 690 69 10/10/10 EXP-112 2.0 1.0 970.0 0.5652 0 0.0000
256 237 26 5/10/10 EXP-107,EXP-112,EXP-F1 1.0 1.0 4.0 0.4262 0 0.0000
ALL 2307 79 5/10/10 EXP-107,EXP-112,EXP-F1 5.0 1.0 10000.0 0.5509 6 0.0026

Table 6: Wave 2 (n = 256) experiment suites: expected jobs, extracted
audits, and paper-use status.

Exp ID Configs Jobs expected Audits extracted Seeds Used in paper Notes

EXP-F1 1 10 10 0-9 yes
EXP-100 13 130 130 0-9 no
EXP-101 7 70 70 0-9 no
EXP-106 13 130 130 0-9 no
EXP-107 13 130 130 0-9 yes
EXP-109 1 10 10 0-9 no
EXP-110 1 10 10 09 no
EXP-112 15 150 124 0-9 yes 26 truncated logs overall; EXP-112 ex-

tracted=124/150

2.6 Experiment design and analysis protocol

We evaluate a manifest-defined campaign_v3 union across four substrate sizes
n € {32,64,128,256}: an exhaustive EXP-112 suite for n < 128 plus a selected scal-
ing suite at n = 256 that combines controls (EXP-F1/EXP-107) with targeted EXP-112
configurations probing partition competition, generator cores, row removals, and a small
leave-one-out subset, totaling 2307 runs (Tables . The EXP-112 selective n = 256 sub-
set has incomplete seeds due to 26 truncated wave_2 logs; all analyses explicitly report seed
support and apply the preregistered min-support filter. The n=256 wave_2 experiment
suites are summarized in Table

Key condition families (null/baseline/full/generators/leave-one-out and others) are
defined algebraically in Table[2]

For scan curves, we aggregate audit metrics across seeds at fixed (config,n, k). To
avoid low-support artifacts, a scan point is plotted only if at least 5 seeds are present at
that rung (min-support filter). For run-level headline summaries we define, for each run
and metric m(k), the core-rung median over k > 4:

m = median{m(k) : k > 4}, (20)

yielding the headline metrics reported in Table [§]

Uncertainty intervals are computed by deterministic bootstrapping of the median
(5000 resamples with a fixed RNG seed), and effect sizes are reported using a robust
MAD-standardized difference:

median(z) — median(y)
T(MAD(z) + MAD(y)) + ¢’

ESuap(z,y) = e=10"15. (21)
Correlations among Lagrange probes are assessed at an anchor rung k = 4 using Spearman
rank correlation with Benjamini-Hochberg FDR correction within each n (Table E[) A fixed
regression tests diffusion misfit KLjg(k=4) against a predefined partition-competition
subset, with bootstrap confidence intervals (Table [I0).

11
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Runs that fall into an effectively reversible regime are tracked separately. Operationally, a run is labeled REV if its macro-level
asymmetry and cycle-chirality diagnostics are numerically negligible (near-zero X10(7) and cycle scores with zero detected chiral
triangles), and REV prevalence is summarized as part of the robustness checklist (Table .

Table 7: Robustness checklist (pre-registered-like; A10). Outcomes are auto-filled from deposited artifacts where
computable; pending items are explicitly marked.

Check Status

Auto-filled summary

Evidence

Notes

R1 Coverage PASS

completeness

R2 Seed support per PARTIAL
(config,n)

R3 PICA config
consistency across
runs

R4 Scan
min-support
enforcement

PASS

PARTIAL

Rb5 Lagrange-probe PASS
missingness (n=128)
R6 Tau policy

outcomes

PASS

R7 Tau overlap FAIL

feasibility

R8 REV prevalence
and handling

PASS

[yes] runs=2307/2307;
per_-n=32:690,64:690,128:690,256:237;
cfg_per_.n=32:69,64:69,128:69,256:26
[yes] seeds_per_(config,n)=5/10/10

[yes] pat_config_consistency_all_configs=True

[yes] n32:baseline=[16];n32:full_action=[16];
n32:full_all=[16];n64:baseline=[32];
n64:full_action=[32];n64:full_all=[32];
n128:baseline=[2, 64];n128:full_action=[2, 64];
n128:full_all=[2, 64];n256:baseline=[2];
n256:full_action=[2, 64];n256:full_all=[2, 64]
[yes] geo=0.204;diff_kl=0.204;0verall=0.204

[yes] tau_ranges=n32[1,1830],n64[1,632],
n128[1,970],n256(1,4];rates_reported=True

[yes] n32:overlap=0,jacc=0.000;
n64:overlap=0,jacc=0.000;
nl128:overlap=1,jacc=0.143;
n256:overlap=0,jacc=0.000

[yes] n32:6/690 (0.0087);n64:0/690 (0.0000);
n128:0/690 (0.0000);n256:0/237 (0.0000)

run_summary_table;
T2_QA

run_summary-table;
T2_QA
T2_QA

F3.QA;F4.QA

F4_.QA

F7_tau_stats;F7_QA

run_summary_table

run_summary_table;
F8_REV _stats

Exact coverage required.

n<=128 expected 10/10/10;
n=256 selective suite allows
partial seeds.

Configuration drift would
invalidate condition-level claims.

Mid/low rung drops observed;
interpret affected curves
cautiously.

PASS threshold: overall
missingness < 0.25.

Differences across configs are
expected;reporting completeness
is required.

FAIL implies direct
tau-controlled comparisons are
not feasible without additional
matching.

REV is explicitly quantified and
excluded where required (e.g.,
T5).
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Table 7 — continued

Check Status  Auto-filled summary Evidence Notes
R9 sigma_ratio PASS  [yes| n32:empty=0.00;n32:baseline=0.20; F8_QA; PASS threshold uses n=128
missingness n32:full_action=1.00;n32:full_all=0.80; F8_sigma_stats full_action/full_all missingness
n64:empty=0.00;n64:baseline=0.10; <= 0.2.
n64:full_action=0.90;n64:full_all=0.80;
n128:empty=0.00;n128:baseline=0.00;
n128:full_action=0.00;n128:full_all=0.20;
n256:empty=0.00;n256:baseline=0.00;
n256:full_action=0.00;n256:full_all=0.00
R10 LOO integrity PASS  [yes] valid_single_removal=22/22 F6_QA;loo_cell. map Expected 22/22 for strict LOO

R11 Headline metric PARTIAL
effective N

R12 Anchor-rung PASS

k=4 probe coverage

[yes] n32:full_all=5;n64:full_all=7;
n256:gen6_core_A12_A25=0

[yes] n32:543-684;n64:649-690;1n128:689-690;
n256:237-237

T3_.QA

T5.QA

interpretation.

PARTIAL indicates reduced
effective sample size for some
config/n blocks.

Thresholds: n32>=500,
n64>=640, n128>=680,
n256>=200 for N_pair_min.




3 Results

All results reported below come from a manifest-defined campaign_v3 union across four
micro sizes n € {32,64,128,256} (Table [5)). For n < 128 we use the exhaustive EXP-
112 suite comprising 69 PICA subalgebras with ten seeds per (config,n) (2070 runs
total), while n = 256 is evaluated via a selected scaling suite that combines controls
(empty /baseline/full_action/full_all) with targeted EXP-112 configurations (Table [6), yield-
ing 237 n = 256 runs in the manifest union. Unless stated otherwise, scan curves aggregate
across seeds at fixed (config, n, k) with the preregistered min-support filter (at least 5 seeds
per rung), and run-level headline metrics use the core-rung median over k > 4 (Methods).

3.1 C1: Full PICA activation reshapes multiscale structure
and suppresses macro time-asymmetry

Figure[3|shows how (i) structural distance from stationarity and (ii) macro time-asymmetry
vary with coarse-graining resolution k. Across sizes, the baseline skeleton and the null
substrate exhibit strong scale dependence: increasing resolution generally increases both
structural separation and time-asymmetry. In contrast, activating the full Action set (Full-
Action / Full-All) produces a qualitatively different regime in which macro time-asymmetry
310(m) is strongly suppressed across rungs and sizes (Table .

3.2 C2: Resolution-dependent emergence of geometrizability
and diffusion-consistent macro kernels

Figure [4] reports the Lagrangian probes as a function of resolution for n = 128 and n = 256.
At coarse resolutions (small k), Full-Action/Full-All exhibit lower transition entropy and
lower PLA2 gap than Baseline, while geometrizability and diffusion-fit quality are weak. At
finer resolutions (large k), this relationship changes: geometrizability (Rgeo) rises sharply
for the full conditions, and diffusion misfit KL}z becomes lower than Baseline at high
resolution, consistent with an emergent diffusion-geometry regime at the fine end of the

ladder.

3.3 (C3: Regime separation across the full ablation suite

To summarize regime diversity across scales, Figure |5| plots run-level core-rung medians
for the full ablation suite at n = 128 and for the selected scaling suite at n = 256 in the
plane spanned by geometrizability and time-asymmetry. The full ablation suite occupies
a broad region rather than collapsing to a one-dimensional tradeoff, and key conditions
(Null/Baseline/Full and compact generators) separate cleanly in this plane, supporting
the existence of at least two macroscopic regimes within a single substrate and audit
framework.

14



Structure: frob(P) vs. k.
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Figure 3: F3: Multiscale scan curves for structure and time-asymmetry across
n € {32,64,128,256}. Curves report seed medians with interquartile ranges;
only scan rungs with at least 5 seeds.are plotted. Conditions shown: Null
(empty), Baseline (baseline), Full-Action (full_action), and Full-All (full all).
The x-axis uses resolution rung k defined as the nearest power-of-two to
effective keg = |X|. The arrow-of-time panels plot log;o(1 + X1o(7(k))).



n =128

n = 256

16
5 %~ baseline 3 ~&- baseline
o114 ~&- full_action o & full_action
e —&- full_all 8149 5 fullan
2.2 2
£ 1 g
3 5 12
510 8
8 g 1.0
Bos H
< 2 g
2os6 2
& o6
<04 <
= So4
T 02 I~
b b1
g
2 202
0.0
2 4 8 16 32 24 8 16 32 64
resolution rung k (nearest 2 to effective |X|) resolution rung k (nearest 2 to effective |X|)
~&- baseline ~&- baseline

2.5 —#— full_action 3.04 —- full_action
3 & fullall S & fullal
I3 g
§ 20 525
a a
2 2
=
& 220
£1s H
] &

& s 15
<10 <
< 2
T & 10
£ 05 B
05
24 8 16 32 24 8 16 32 64
resolution rung k (nearest 2™ to effective |X|) resolution rung k (nearest 2™ to effective |X|)

0.40 ~# baseline 0s % baseline

~&~ full_action ~&— full_action

0.35 & full_all % full_all
z ]
£ 030 £ o4
3 3
8 4
$ 025 ]
£ £ 03
& 020 5
& &
< <
~o1s 502
< <
& &

o010 S
& &
01
0.05
0.00
24 8 16 24 8 16 32 64
resolution rung k (nearest 2 to effective |X|) resolution rung k (nearest 2 to effective |X|)

1.0 —&— baseline 10 —&— baseline
;'.-7 &~ full_action ;:} . & full_action
3 & fullall 3 -3 full_all
208 2
5 5 0.8
= H
° °
%06 Zos
< <
o S
3 3
£ £
T 04 T 0.4
& &
=4 <
< 2
g 02 202
= E
i I
< <

00 0.0

24 8 16 24 8 16 32 64

32
resolution rung k (nearest 2™ to effective |X|)

resolution rung k (nearest 2™ to effective |X|)

Figure 4: F4: Lagrangian probes vs. resolution for n = 128 (left) and n = 256
(right). Rows show: (a) PLA2 gap, (b) step entropy, (c) geometrizability

R2

geo?

(d) diffusion misfit KL};z. Curves show medians with interquartile

ranges; min-support filter (5 seeds) applied. The x-axis uses resolution rung
k defined as the nearest power-of-twq to effective ke = |X|.
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Figure 5: F5: Regime separation using run-level core-rung medians (k > 4),

with z = R2_, and y = log,o(1 + S1o(m)). Left: n = 128 full ablation

n=128 regime scatter (REV excluded)

n=256 regime scatter (REV excluded)
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31

Table 8: Headline metrics by condition and micro size, using medians over core rungs (k > 4). Entries report
median with bootstrap 95% CI (B = 5000), plus A vs baseline and robust ESyiap. NA indicates the condition is
not present in the n=256 selective suite.

Condition |E| frob Sio(m) RZ,, PLA2 KL
n = 32
Null (empty) 0 0.856 [0.772, 1.1]  5.54 [5.05, 11.7) 0.125 [0.0915, 0.178] 0.795 [0.695, 0.883]  0.236 [0.183, 0.272]

Baseline (baseline)

Full-Action (full_action)

Full-All (full_all)

Gen6-core (gen6_core_A12_A25)

A -0.112 [-0.421,
0.248]; ES -0.861
2 0.989 [0.798, 1.23]
baseline
24 1.49 [1.25, 1.57)
A 0.454 [0.128,
0.738]; ES 2.98

25 1.08 [0.93, 1.57]
A 0.16 [-0.168,
0.636]; ES 0.378

8 1.01 [0.829, 1.16]
A -0.0213 [-0.18,
0.386]; ES 0.135

A -0.547 [-24.9, 10.4];
ES -0.241

6.17 [2.85, 26.9]
baseline

6.66e-11 [6.1e-11,
8.41e-11]

A -6.17 [-26.9, -2.85];
ES -2.92

8.03e-11 [6.17e-11,
1.49]

A -3.76 [-26.9,
-0.163]; ES -2.92
4.25e-09 [7.35e-11,
0.35]

A -6.17 [-26.8, -2.28];
ES -2.92

A 0.000765 [-0.0747,
0.0742]; ES 0.0348
0.123 [0.0454, 0.196]
baseline

0.177 [0.139, 0.22]
A 0.087 [-0.0833,
0.152]; ES 1.11

1.59e-10 [4.6e-12,
0.114]

A -0.0782 [-0.244,
0.0682]; ES -4.01
1.54e-09 [1.28e-12,
0.188]

A -0.0966 [-0.244,
0.0892]; ES -4.01

A 0.189 [0.113, 0.41]; A -0.0682 [-0.112,

ES 2.44

0.555 [0.381, 0.684]
baseline

0.0258 [4.04e-13,
0.127]

A -0.42 [-0.655,
-0.37]; ES -6.72
0.27 [0.056, 0.491]
A -0.474 [-0.51,
0.185]; ES -1.64

0.454 [0.181, 0.756]
A -0.142 [-0.397,
0.262]; ES -0.523

0.0491]; ES 0.0268
0.236 [0.221, 0.318]
baseline

1.71e-11 [1.35e-11,
0.0684]

A -0.226 [-0.28,
-0.197); ES -22.1
0.0308 [0.0252,
0.368]

A -0.197 [-0.317,
0.0191]; ES -15.2
0.151 [0.0477, 0.327]
A -0.16 [-0.243,
0.0632]; ES -1.2

n = 64
Null (empty)

Baseline (baseline)

Full-Action (full_action)

0 0.455 [0.423, 0.477]
A -0.707 [-0.783,
—0.514]; ES -10.1

2 1.14 [0.974, 1.24]
baseline

24 1.5 [1.27, 1.65]

1.59 [1.33, 2.16]
A -5.81 [-11.5,
-0.0308]; ES -2.17
7.4 [1.96, 13.4]
baseline

6.72e-11 [6.2e-11,

A 0.444 [0.13, 0.595]; 7.92e-11]

ES 2.64

A -7.31 [-13.4, -1.96];
ES -2.93

0.104 [0.0734, 0.165]
A -0.0463 [-0.0611,
0.082]; ES -0.472
0.126 [0.0436, 0.166]
baseline

0.00647 [9.36e-14,
0.223]

A -0.061 [-0.177,
0.212]; ES -4.17

1.5 [1.45, 1.55]

A 0.751 [0.668,
0.875]; ES 13.5
0.788 [0.615, 0.832]
baseline

0.0563 [3.26e-13,
0.278]

A -0.617 [-0.802,
-0.494]; ES -12.7

0.115 [0.0861, 0.135]
A -0.0855 [-0.178,
-0.00947]; ES -2.37
0.21 [0.105, 0.312]
baseline

0.115 [1.29e-11,
0.381]

A -0.131 [-0.268,
0.173]; ES -1.08
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Table 8 — continued

Condition |E| frob

PLA2

KLQ!H

Full-All (full_all) 25 1.26 [0.707, 1.43]
A 0.00757 [-0.436,
0.448]; ES 0.539

Gen6-core (gen6_core.A12_A25) 8 1.01 [0.789, 1.59]

A -0.0877 [-0.349,

0.518]; ES -0.755

S10(m) RZ,
7.23e-11 [6.85e-11,  0.152 [6.72¢-13,
0.164] 0.292]

A -7.18 [-13.2, -1.96]; A -0.0245 [-0.164,

ES -2.93 0.231]; ES 0.264
0.0538 [7.03e-11,  0.0317 [3.71e-12,
1.63] 0.104]

A -7.4[-13.1, -1.23]; A -0.0666 [-0.156,
ES -2.88 0.092]; ES -2.28

0.433 [4.66¢-13,
0.854]

A -0.179 [-0.762,
0.105]; ES -1.5
0.704 [0.313, 0.974]
A -0.107 [-0.569,
0.212]; ES -0.492

0.216 [1.65e-11,
0.265]

A -0.021 [-0.1609,
0.167]; ES 0.121
0.268 [0.11, 0.302]
A 0.0781 [-0.212,
0.261]; ES 1.24

n =128
Null (empty) 0 0.276 [0.271, 0.289]
A -1.04 [-1.11,

-0.864]; ES -25.6

2 1.32 [1.14, 1.38]
baseline

Baseline (baseline)

Full-Action (full_action) 24 1.25 [1.07, 1.3]
A -0.0939 [-0.269,
0.223]; ES -0.933
Full-All (full_all) 25 1.07 [0.961, 1.46]
A -0.176 [-0.383,
0.416]; ES -2.42
Gen6-core (gen6_core_.A12_A25) 8 1.3 [1.03, 1.4]
A 0.0545 [-0.14,
0.0974]; ES -0.197

0.135 [0.0817, 0.174]
A 0.00527 [-0.0325,

0.219 [0.202, 0.26]
A -10 [-13.7, -4.35);

ES -4.54 0.0875]; ES 1.35
10.3 [4.57, 14] 0.0915 [0.0786,
baseline 0.137]

baseline

0.0778 [0.0483, 0.124 [0.037, 0.328]

0.146] A 0.0274 [-0.0832,
A -10.2 [-13.7, -4.52]; 0.232]; ES 0.597

ES -4.59

0.0628 [0.0221, 0.115 [0.0561, 0.157]
0.165] A 0.0114 [-0.0672,
A -9.73 [-13.9, -4.52]; 0.0681]; ES 0.771
ES -4.59

2.22 [0.38, 5.85) 0.206 [0.138, 0.262]

A -5.66 [-10.3, -2.44]; A 0.0779 [0.0386,
ES -2.58 0.138]; ES 3.19

2.03 [1.98, 2.08]

A 1.25[1.18, 1.3]; ES

38

0.795 [0.735, 0.818]
baseline

0.571 [0.459, 0.854]
A -0.233 [-0.283,
0.0533]; ES -2.84

0.45 [0.327, 0.725]
A -0.292 [-0.469,
-0.0865]; ES -3.56

0.711 [0.584, 0.933]

A -0.0307 [-0.217,
0.119]; ES -0.964

0.0518 [0.0431,

0.0761]
A -0.343 [-0.379,
-0.252]; ES -10.8

0.386 [0.327, 0.429]
baseline

0.572 [0.395, 0.655]
A 0.194 [-0.041,
0.309); ES 3.41

0.642 [0.311, 0.789)]
A 0.303 [-0.122,
0.402]; ES 2

0.474 [0.392, 0.523]
A 0.123 [0.00532,
0.162]; ES 1.86

n =256
Null (empty) 0 0.171 [0.168, 0.174]
A -0.626 [-0.646,

-0.601]; ES -58

0.055 [0.0496, 0.064] 0.123 [0.0765, 0.172]
A -0.973 [-1.12, A -0.0131 [-0.0599,
-0.745]; ES -10.2 0.0131]; ES -1.06

2.28 [2.25, 2.31]
A 0.883 [0.849,
0.956]; ES 35.3

0.0247 [0.0204,
0.0305]

A -0.133 [-0.201,
-0.119]; ES -13.6
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Table 8 — continued

Condition |E| frob S10(r) RZ., PLA2 KL
Baseline (baseline) 2 0.799 [0.779, 0.818]  1.03 [0.809, 1.18]  0.153 [0.129, 0.162]  1.39 [1.34, 1.41] 0.16 [0.152, 0.22]
baseline baseline baseline baseline baseline
Full-Action (full_action) 24 1.26 [1.16, 1.38] 0.0296 [0.0198, 0.223 [0.058, 0.342] 0.619 [0.531, 0.793] 0.578 [0.369, 0.774]
A 0.469 [0.404, 0.0366] A 0.0635 [-0.0859, A -0.733 [-0.864, A 0.373 [0.214,
0.574]; ES 8.78 A -0.983 [-1.16, 0.224]; ES 1.09 -0.575]; ES -11.6 0.594]; ES 3.82
-0.777); ES -10.3
Full-All (full_all) 25 1.19 [1.12, 1.29] 0.0267 [0.0184, 0.16 [0.0864, 0.185]  0.505 [0.433, 0.582] 0.651 [0.583, 0.723]
A 0.379 [0.343, 0.0316] A 0.00605 [-0.048, A -0.854 [-0.966, A 0.433 [0.394,
0.478]; ES 8.15 A -1.01 [-1.16, 0.0499]; ES 0.259 -0.759]; ES -17.7 0.523]; ES 11.4
-0.777]; ES -10.6
Gen6-core (gen6_core_A12.A25) 8 NA [NA, NA] NA [NA, NA| NA [NA, NA] NA [NA, NAJ NA [NA, NA]
A NA [NA, NA]; ES A NA [NA, NAJ; ES A NA [NA, NAJ; ES A NA [NA, NA]; ES A NA [NA, NAJ; ES
NA NA NA NA NA




3.4 C4: Leave-one-out ablations identify sensitive PICA cells

Figure [6] reports leave-one-out (LOO) ablations around Full-Action. Each column removes
exactly one enabled PICA cell while keeping all others fixed, and each row reports the
standardized change in a headline metric. The resulting sensitivity structure is sparse: a
small subset of cells produce the largest deviations when removed, indicating candidate
generators for specific emergent signatures (geometry-like versus thermodynamic/time-
asymmetric).

Leave-one-out ablations
metrics = medians over rungs k = 4

(a) Pooled LOO (median ES_MAD over n=32/64/128) (b) n=256 targeted LOO subset

15
ESwap(PLA2)
1.0
0.5
ESuno(R3eo) 0.0
ESmao(Z10(m))

Figure 6: F6: Leave-one-out ablation sensitivity around Full-Action with
two panels. Panel (a) shows the pooled LOO heatmap using the full 22-cell
suite over n € {32,64, 128} (stratified ES.MAD pooled by median across
sizes). Panel (b) shows the targeted n=256 subset only (available LOO
configs), using the same effect-size scale. Columns correspond to removed
PICA cells (actor<—informant), and rows correspond to headline metrics
(core-rung medians over k > 4).
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3.5 C(C5: Probe couplings at anchor rung k = 4 are strong and
size-dependent

Table [J] reports Spearman correlations among Lagrange probes at the anchor rung k = 4
across all configurations and seeds, stratified by n (REV excluded). Two robust patterns
emerge. First, PLA2 gap and step entropy are almost collinear across sizes (p &~ 0.97 for
all n), showing that action-consistency and transition stochasticity are tightly coupled
at the anchor scale. Second, the relationships between (PLA2, step entropy) and geome-
try/diffusion probes change substantially with n, indicating that the probe manifold itself
evolves with micro size at fixed anchor resolution. The n = 256 correlations are computed
on the manifest-defined scaling suite (26 configurations) and should therefore be read as
a targeted consistency check rather than a like-for-like replacement of the full n = 128
ablation suite.
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3.6 C6: Partition competition increases diffusion misfit at
k=4

Table [I0] tests a fixed regression of diffusion misfit at k = 4 against membership in a
predefined partition-competition subset (Methods; REV excluded). At n = 32, n = 128,
and n = 256 the estimated effect is positive with bootstrap confidence intervals excluding
zero, indicating systematically higher diffusion misfit for that subset at the anchor rung;
at n = 64 the confidence interval crosses zero (Table .

3.7 Robustness outcome panels

Figure [7] and Figure [§] summarize the robustness outcomes across sizes, including n = 256.

campaign_v3 tau policy outcomes by n
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Figure 7: F7: Timescale-policy outcome distributions across n €
{32,64,128,256} for key conditions (empty, baseline, full action, full all).
The plotted quantity is log;y(7), and per-condition annotations report active-
7 availability counts.

4 Discussion

4.1 Interpretation: regimes rather than a single macroscopic
behavior

The multiscale audits show that a single minimal stochastic substrate on Z can support a
wide range of macroscopic behaviors once closure is enabled through PICA. Two qualitative
patterns recur across figures and tables. First, Full-Action/Full-All reorganize the multiscale
structure of induced kernels ﬁ(k) (Fig. and strongly suppress macro path-reversal
asymmetry as quantified by 1o(m) (Table [8). Second, the Lagrangian probes reveal
that geometry/diffusion consistency is not a monotone function of resolution: for n =
128 (full suite) and n = 256 (scaling suite), R;eo and KL} shift markedly along the
ladder (Fig. ), and the resulting run-level medians separate into distinct regions in the
(B30, logo(1 + S10(m))) plane (Fig. [5).

A natural interpretation is therefore regimes (or universality-class-like behavior) rather
than a single emergent macro law. In the present audits, one regime is “geometry-like” in
the operational sense that transition actions correlate with squared embedding distances
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campaign_v3: sigma_ratio retention proxy
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Figure 8: F8: Robustness diagnostics across n € {32,64,128,256}. Top:
EP-retention proxy distribution using log;y(1 + oyatio) for key conditions,
with explicit defined-count annotations. Bottom: REV frequency heatmap
(REV rate) by configuration and size.
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Table 9: T5A: Spearman correlations among Lagrange probes at anchor rung
k =4 (REV excluded), with BH-FDR correction per n over 6 tests. p-values
computed by SciPy or deterministic 5000-permutation fallback.

n Pair p p q N
n = 32
32  PLA2 & Hgtep 0.973 0 0 684

32 PLA2 4 R,  -0.451 1.29e28 1.55¢-28 543
32 PLA2 <> KLjz 0701  1.83e-81 3.65e-81 544
32 Haep ¢ R2,, 0417  294e-24  2.94e-24 543

32 Hgep > KLy,g  0.783 6.07e-114 1.82e-113 544
32 R2, ¢ KLy;  -0473  1.2e31  1.8e31 543

geo

n = 64

64 PLA2 <> Hgtep 0.972 0 0 690
64 PLA2 + Réeo -0.146  0.000181 0.000181 649
64 PLA2 <« KL(*lilcf 0.257  2.84e-11 4.26e-11 649
64  Hgtep <> R2 -0.188  1.36e-06 1.63e-06 649

geo

64  Hstep <> KL g 0.266 6.17e-12  1.23e-11 649

64 R2, ¢ KLy  -0.443  1.62e-32 4.87e-32 649
n =128
128 PLA2 ¢+ Hyep  0.975 0 0 690

128 PLA2 ¢» R2,,  0.306 1.96e-16 2.36e-16 689
128 PLA2 ¢» KLYy -0.715 4.33e-109  1.3¢-108 689

128 Hatep ¢ R2o0 0.242 1.28¢-10 1.28¢-10 689
128 Hstep <> KLy -0.71 7.73e-107 1.55¢-106 689
128 R2,, ¢ KL% -0.31 88317 1.32¢-16 689
n = 256

256 PLA2 <> Hgtep 0.994 1.74e-228 1.04e-227 237
256 PLA2 Réeo 0.205 0.00155 0.00232 237
256 PLA2 > KL}z -0.827 8.69e-61  1.74e-60 237

256 Hatep <+ R2o, 0.5  0.0208  0.0249 237
256  Hgtep > KLA,g  -0.831  9.18e-62  2.75e-61 237
256 R2,, <> KLyg -0.0775 0.235 0.235 237

and diffusion-kernel fits improve at finer resolutions; another regime is “thermodynamic/
time-asymmetric” in the operational sense that stationary path-reversal asymmetry and
cycle-affinity diagnostics become prominent. We emphasize that these are audit-defined
regimes, not claims of literal spacetime geometry or physical thermodynamics in the
microscopic substrate. They are nonetheless useful because they tie specific macroscopic
signatures to specific closure mechanisms and ablation subalgebras, in a way that is legible
to statistical mechanics readers [T, 2 (6], [9].

4.2 PICA as a reusable closure interaction algebra

A key contribution of this work is to separate “what emerges” from “how closure is
specified”. PICA, represented by £ € {0,1}5%®, provides a canonical interaction grammar
for closure: it makes the space of mechanisms explicit (36 directed cells) and makes
ablations compositional (subsets S C PICA, subject to closure/dependency constraints).
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Table 10: T5B: OLS regression by n at k = 4 (REV excluded): KL};5(k=4) ~
1 + I[competition]. B is competition—noncompetition. 95% CI from boot-
strap (B = 5000).

n Bl 95% CI Ntotal Ncomp Nnoncomp
32 0.0274 [0.00251, 0.0517] 544 43 501
64 0.0124 [-0.00633, 0.0328] 649 48 601

128 0.0293 [0.0143, 0.043] 689 50 639
256 0.0968 [0.0554, 0.138] 237 21 216

The leave-one-out analysis (Fig. |§[) suggests that sensitivity is structured rather than diffuse:
removing certain cells produces large, metric-specific deviations, while many removals have
modest effects. This motivates the view that macroscopic regimes can have generators:
small cell sets that are sufficient (within this substrate and scan protocol) to elicit strong
geometry-like or thermodynamic/time-asymmetric signatures.

At the same time, the current LOO family probes only cells that can be removed
without breaking essential scaffolding; in particular, two Full-Action-enabled cells (the
spectral partition core and its coupled gating) were not included as single-removal LOO
configurations. Thus the sensitivity pattern should be interpreted as conditional on the
present pipeline rather than a universal ranking of cell importance.

4.3 Coarse-graining pitfalls and “no smuggling”

Because our conclusions are based on induced macro kernels P obtained by lifting, evolving,
and then coarse-graining, they inherit the well-known ambiguity of coarse-graining: different
lenses f can yield different macrodynamics, and aggregation can conceal dissipation or
introduce apparent irreversibility artifacts [9 [10]. We therefore treat the audits as detectors
(operational tests) rather than direct measurements of physical quantities. Three examples
illustrate the general point. L

First, X10(7) is a time-asymmetry proxy computed from the ratio P;;/P;; and is
sensitive to numerical floors/caps when one direction is near-zero. Second, least-action
dominance (PLA2) depends on the action surrogate £ = — log 131-3- with an € floor, so it can
be influenced by rare-transition regularization. Third, geometrizability and diffusion-fit
quality are defined through a reversible embedding of P and therefore can fail or become
ill-conditioned for small k£ or degenerate stationary mass; these cases appear as missing
values and motivate interpreting Réeo and KL} as conditional diagnostics rather than
universal invariants. The value of the present pipeline is that these detectors are defined
explicitly (Methods) and are applied systematically across subalgebras, sizes, and seeds.

4.4 Limitations and falsifiability

The following limitations are explicit constraints on what the present experiments can
support, and they also define concrete falsifiers for the claims in the Results section.

Limitations and confounds (A6-consistent).

e Finite-size scope and selective scaling. We evaluate only n € {32, 64,128,256},
and the n = 256 data are a selected scaling suite rather than the full 69-configuration
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ablation set. Asymptotic scaling trends are therefore not established, and any
size-dependent statements should be interpreted as finite-size evidence within a
manifest-defined experimental design.

Lens dependence. The multiscale ladder uses a specific spectral sign-pattern
partition construction; alternative lens families or alternative prototype lifts Uy
could shift (or erase) observed regimes. This is a structural coarse-graining confound.

Adaptive timescale coupling. The timescale 7 is not held fixed across conditions.
In particular, direct 7-matched comparisons between Baseline and Full-Action are
not broadly available in the current dataset (see robustness checklist), which limits
causal attribution of differences solely to closure cells.

Macro thermodynamics is not micro thermodynamics. X1o(7) and related
cycle diagnostics are macro-level proxies; they do not, by themselves, quantify
micro-level entropy production. Hidden dissipation under coarse-graining is a known
pitfall [9].

Numerical regularization. Several audits use numerical floors/caps (e.g., € in
— log action; caps for near-zero reverse transitions). These stabilize computation
but can bias extreme-tail behavior.

Probe missingness. Geometry and diffusion probes can be undefined for certain
rungs (embedding degeneracy). Missingness is explicitly tracked, but it reduces
effective sample size for those probes at some scales.

Partial ablation coverage. The LOO family does not include all Full-Action-
enabled cells; two core spectral cells are not tested by single-removal LOO, so
generator claims are conditional.

What would falsify our claim framing (A9.1-style).

C1 falsifier: If additional seeds or reruns remove the Full vs Baseline separa-
tion in headline time-asymmetry and structure (Table [8]) once 7 is controlled or
matched, then the “full PICA reshapes macro behavior” interpretation would weaken
substantially.

C2 falsifier: If the geometry/diffusion improvements at fine resolution (Fig. |4)
disappear under alternative coarse-graining procedures or alternative prototype lifts
Uy, then the geometry-like regime would be better viewed as a property of the
chosen lens rather than the closure dynamics.

C3 falsifier: If the regime scatter (Fig. [5) collapses under minor audit-parameter
changes (e.g., path horizon T for ¥io(w), embedding dimension m), then the
“multiple regimes” story would need to be revised.

C4 falsifier: If LOO sensitivity patterns (Fig. @ are unstable across seeds/sizes or
disappear when the two untested spectral cells are included in ablations, then the
“generator” interpretation would be unsupported.

C5—C6 falsifier: If the anchor-rung correlations and the competition-family regres-
sion (Table @ Table fail to replicate under strict REV handling and multiple-
testing controls, then the probe-coupling and competition effect claims should be
treated as exploratory.
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4.5 Future work

Several follow-on experiments would strengthen both the physics-like narrative and the
algebraic/PICA contribution.

e Controlled-7 reruns. Run matched-7 sweeps (or fixed-7 protocols) for Baseline
vs Full conditions to separate closure effects from timescale effects.

e Alternative lenses and lifts. Repeat the multiscale scan with alternative coarse-
graining constructions (e.g., different spectral clustering variants) and alternative
prototype lifts Uy (or other lift rules) to test lens robustness.

e Scaling. Extend to larger n and larger k ladders, and test whether the regime
separation sharpens, merges, or transitions.

e Ablation completion. Add ablations that remove the two currently untested
spectral core cells (or replace them with alternative partition primitives) to complete
the generator picture.

e Audit stress tests. Vary path horizon T, embedding dimension m, and regular-
ization floors to quantify audit stability and reduce confounds.

e Cross-substrate transfer. Apply the disciplined PICA cell catalog to other sub-
strates. The six primitives have been used on particle-based and neural/meta-layer
toy substrates [23], but with additional non-PICA mechanisms; re-implementing
those substrates under strict PICA closure would test whether similar regimes
emerge without extra assumptions and whether generator subalgebras transfer.

5 Conclusion

We presented a minimal stochastic substrate together with a coarse-graining pipeline and
a six-primitive closure interaction algebra (PICA) that enables systematic, compositional
ablations over a 6x6 directed interaction table. Across an exhaustive ablation suite at
n € {32,64,128} (2070 runs over 69 PICA subalgebras) together with a selected scaling suite
at n = 256 (237 runs), totaling 2307 runs, exhaustive activation and structured ablations
produce robust, scale-dependent macroscopic signatures in induced kernels ﬁ(k) that are
operationally consistent with distinct regimes: geometry/diffusion-like structure at fine
resolution and thermodynamic/time-asymmetric structure in other parts of configuration
space. The scaling suite provides an additional large-n consistency check for controls and
targeted mechanisms without changing the qualitative claim structure established by the
exhaustive suite. The key point is not that the substrate literally contains spacetime or
thermodynamics, but that a single Markov audit framework can detect lawfulness-like
structure that tracks specific closure mechanisms.

Beyond the toy-universe results, PICA functions as a reusable object: a canonical
interaction grammar for closure that can be instantiated on other substrates and compared
via a shared ablation calculus.
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