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Harmony from Coherence in Asynchronous MPST:
A Minimal Erasure Invariant for Classical Dynamics

Sam Hart Berman

Abstract

We establish a Reconfiguration Harmony theorem
for asynchronous MPST. Under well-formed link
and delegation reconfiguration, projection com-
mutes with reconfigured evolution. This gives
a proof architecture for dynamic participant sets
where topology change is a first-class semantic step.
The inherited operational coherence invariant ker-
nel is characterized in both directions and shown to
admit an erasure characterization on active edges
and to be the weakest admissible invariant for dele-
gation safety (relative minimality). Safe delegation
and composed-system conservation follow, includ-
ing quantitative lift of Computable Dynamics for
Asynchronous MPST ’s Lyapunov framework with
conservation for pure reconfiguration and descent
or budget certificates for transition choreographies.
The behavioral boundary is characterized by an
exact determinism envelope with soundness, real-
izability, and maximality. Exchange-normalized
determinism with spatial-subtyping monotonicity
is established. Observational adequacy links ab-
stract and protocol proofs to VM adherence modulo
envelope. All results are mechanized in Lean 4.

1 Introduction

1.1 Background

Delegation and topology change are a primary fail-
ure point in MPST developments (Honda et al.,
2008, and Tirore et al., 2025). Many systems ex-
clude these operations, or admit them operationally
without a theorem that connects choreography-level
and local-level evolution.

In classical MPST, coherence primarily names
global-type coherence and projectability conditions,
with later refinements of projection criteria (Honda
et al., 2008; Honda et al., 2016; Castagna et al.,

2012; Majumdar et al., 2021). Logical lines also
formulate coherence as n-ary duality or proof com-
patibility (Carbone et al., 2015; Carbone et al.,
2016; Carbone et al., 2017), and data-certification
extensions remain in the same global-projection
discipline (Toninho and Yoshida, 2017). In this
paper, as in Coherence for Asynchronous Buffered
MPST, Coherent denotes the inherited operational
invariant on local environments and buffered traces.

This manuscript is intended for companion re-
view and publication with Coherence for Asyn-
chronous Buffered MPST and Computable Dynam-
ics for Asynchronous MPST. Cross-paper references
in this text use companion-series dependencies.

1.2 Contribution

This paper addresses the reconfiguration gap with
a commutation theorem, in the broader process-
semantic tradition of operational correspondence
and mobility (Hoare, 1985; Plotkin, 1981; Milner
et al., 1992; Milner, 1999).

The central statement is Harmony under recon-
figuration:

project ◦ stepreconfig = localStepreconfig ◦ project.
(1.1)

for well-formed link and delegation operations
with enabled post-reconfiguration steps. The
theorem development proceeds from commuta-
tion to characterization and runtime adherence.
It establishes erasure characterization of Coher-
ence, safe delegation consequences, and relative
minimality over admissible invariants. It then
proves composed-system conservation, exact en-
velope characterization, exchange-normalized de-
terminism with spatial monotonicity, and observa-
tional adequacy with VM adherence. The theo-
rem order in this manuscript is dependency-driven
rather than alphabetical.
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The determinism-envelope layer follows a stan-
dard refinement-bound idea. One defines an admis-
sible behavior relation that captures implementa-
tion freedom while preserving safety-visible obser-
vations. What is new here is an exact characteriza-
tion for asynchronous MPST reconfiguration with
soundness, realizability, and maximality proved in
one theorem stack and connected directly to run-
time admission and adherence evidence (Abadi and
Lamport, 1991; Alpern and Schneider, 1985).

Equivalently, the envelope is a coarse-grained ob-
servational equivalence. It is the maximal admissi-
ble blur between executions that still preserves certi-
fied safety-visible meaning, in the spirit of noninter-
ference and hyperproperty viewpoints (Goguen and
Meseguer, 1982; Clarkson and Schneider, 2010).

Sharding correspondence follows a standard sim-
ulation view for distributed execution. A split exe-
cution should preserve the same safety-visible mean-
ing as a reference execution under explicit compat-
ibility assumptions (Lamport, 1978; Chandy and
Lamport, 1985; Lynch, 1996). What is new here
is an explicit envelope contract for local and cross-
machine sharding profiles that makes the admissible
difference class theorem-checkable and capability-
gated at the VM bridge.

The envelope layer also admits a rate-distortion
style reading. The reference semantics is the source,
VM and sharded executions are channels, and ad-
mission profiles are distortion constraints on safety-
visible observations (Shannon, 1948, and Cover and
Thomas, 2006). Maximality then states that no
strictly larger distortion class preserves the same
certified safety guarantees.

exact envelope E

global reconfiguration trace
C0 C1 C2 C3ρ1 ρ2 ρ3

ρi ∈ {link, delegate}

projected local trace

P0 P1 P2 P3ℓ1 ℓ2 ℓ3

Harmony: projection aligns each reconfiguration step

admitted runtime or sharded trace

Figure 1.1: Dual-track trace view. Top track is the
global reconfiguration trace C0 → C1 → C2 → C3 la-
beled by ρi. Middle track is the projected local trace
with corresponding labels ℓi. Bottom band is the ad-
mitted runtime trace corridor inside envelope E . The
figure intentionally scopes to ρ ∈ {link, delegate}; tran-
sition choreography is introduced later.

1.3 Scope

This paper closes the series architecture. Coher-
ence for Asynchronous Buffered MPST supplies the
invariant kernel. Computable Dynamics for Asyn-
chronous MPST supplies bounds and decision pro-
cedures. This paper supplies reconfiguration com-
mutation and envelope-level runtime adherence.

Scope is confined to asynchronous buffered se-
mantics with explicit reconfiguration conditions,
crash-stop fault assumptions where fault claims are
stated, and declared envelope-admission profiles.

Result Imported Dependencies and Use

Harmony Imports the Paper 1 Coherence
preservation and replacement stack, and
Paper 2 computable-step premises, then
proves projection commutation under link
and delegation updates.

Minimality and
Conservation

Imports the Paper 1 active-edge Coherence
kernel, and Paper 2 transition-side
quantitative premises, then fixes invariant
minimality and conservation under
declared reconfiguration premises.

Envelope family Imports the Paper 1 quotient-facing
Coherence boundary, and Paper 2 profile
extraction interfaces, then lifts the safety
core to envelope exactness, normalization,
and VM adherence claims.

Byzantine family Imports the Paper 2 Byzantine safety
interface and converse packaging, then
extends this interface to envelope-level
maximality and adherence transport.

Table 1.1: Series dependency map for Paper 3.
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In Table 1.1, Harmony corresponds to Theo-
rem 4.1. Minimality and Conservation correspond
to Theorems 7.1 and 8.1. Envelope family corre-
sponds to Theorems 9.1, 10.1, and 11.1. Byzantine
family corresponds to Theorem 11.5, Corollary 11.6,
and Proposition 11.7.

Paper Byzantine Layer Added

Paper 1 Interface obligations and bridge-ready Byzantine
requirement classes.

Paper 2 Profile-level exact safety characterization plus
converse witness packaging for dropped
assumptions.

Paper 3 Reconfiguration-compatible exactness and
capability-gated VM adherence/admission under
the envelope boundary.

Table 1.2: Cross-paper Byzantine progression.

Our contributions are as follows:
1. A reconfiguration commutation theorem that

covers both static composition and dynamic del-
egation.

2. An exact characterization of Coherence by
active-edge erasure realizability and a relative-
minimality theorem over admissible invariants.

3. A determinism-envelope theory with soundness,
realizability, maximality, and exchange and spa-
tial normalization consequences.

4. An abstract-to-VM adequacy bridge that ties
profile claims to theorem-pack capability evi-
dence.

5. A Byzantine envelope extension with exact char-
acterization, converse counterexample families,
and capability-gated VM adherence.

Main text proofs are proof sketches; full machine-
checked derivations are provided by the Lean an-
chors indexed in Appendix E. Proof-sketch tem-
plate used throughout the series: state proof mode
(compositional/induction/coinduction/witness con-
struction), give one concrete intermediate transfor-
mation, then conclude with the claim interface.

Symbol Meaning

Hbyz Byzantine characterization bundle
Obsbyz

safe Byzantine safety-visible observation
Eqbyz

safe Byzantine safety-visible equality
Ebyz Byzantine determinism-envelope
Coherent global active-edge coherence

predicate
Harmony reconfiguration commutation

invariant
Admissible(I) candidate invariant admissibility
W weighted state function
E determinism-envelope trace set

(admitted behaviors)
EnvelopeRel envelope relation between VM and

reference states
EnvelopeExact exactness of envelope

characterization
EnvelopeOK envelope-admission predicate
CapE capability set admitted by the

envelope profile
ConfigEquiv erasure-stability equivalence
Obs observation map on

executions/states
C, Ci configuration state(s) used in

reconfiguration traces
Pi projected-local trace nodes in

Figure 1.1
p, Π runtime profile pair used in

capability/adherence statements
ByzChar Byzantine characterization formula
ByzSafe Byzantine safety predicate
HasCaps(p, Π) capability-evidence predicate for

profile (p, Π)
VMAdheres VM adherence predicate under

admitted profile
Ns explored state count in finite

checker objects
Ne explored transition-edge count in

finite checker objects
Lmax maximum active-edge buffered trace

length
Wmax maximum size of checked

witness/certificate object
ℓ projected local-step label for

reconfiguration steps
ρ reconfiguration step label

(link/delegate/transition)

Table 1.3: Notation used in this paper.

2 Setup, Definitions, and Side
Conditions

2.1 Base Recap

Assume the base model from Coherence for Asyn-
chronous Buffered MPST and Computable Dy-
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namics for Asynchronous MPST : asynchronous
buffered steps, active-edge Coherence, fair
scheduling assumptions stated per theorem,
DeliveryModelparametricity, and crash-stop setting
for fault claims.

Assumption Status

async buffered semantics required
active-edge Coherence required
reconfig. conditions WFρ required
fair scheduling profile req. where stated
crash-stop fault model req. for fault claims

Table 2.1: Model assumptions for exact claims in this
paper.

Assumption Block 2.1. Core Model.
Core claims in this paper assume asynchronous
buffered semantics, active-edge Coherence,
reconfiguration side conditions through WFρ, and
the stated fairness profile. Crash-stop premises
apply where fault-side claims are stated.

Assumption-block inheritance policy. Assump-
tion blocks do not inherit implicitly. If a theorem
does not name a block, it uses Assumption Block 2.1
only.

Definition 2.1. Well-Typed Reconfiguration
Configuration and Step.
Write Γ ⊢ C wf for configuration typing and
Γ ⊢ C

ρ−→ C ′ for typed reconfiguration steps under
the declared operator profile.

Role split. Well-typedness enforces operator and
update side conditions for reconfiguration steps.
Coherence enforces active-edge compatibility in-
variants transported through those steps.

2.2 Reconfiguration Operators

The paper distinguishes static composition (link)
in deployment-level composition from dynamic del-
egation (endpoint/capability transfer during exe-
cution). Representative mechanized anchors are in
the deployment-composition layer, the delegation-
preservation layer, and the higher-order graph-delta
layer. Appendix E provides the file-level mapping.

2.3 Dynamic Participant Sets

Participant sets are not fixed: participants may
join through delegation, leave through crash-stop
or transfer-and-exit, or change topology through
composition.

The objective is to preserve Coherence/Harmony
across these mutations.

2.4 Core Definitions

Write envG(C) and envD(C) for the global and
delayed-trace environments extracted from configu-
ration C, and Obs for the safety-visible observation
map.

Definition 2.2. Lifted Coherence.

Coherent(C) := Coherent(envG(C), envD(C)).
(2.1)

Definition 2.3. Projection Operator.
project is the canonical projection from
reconfiguration configurations to local-step
configurations used by the Harmony square. The
mechanized definition is project in Runtime/
Adequacy/EnvelopeCore/
ReconfigurationBridge.lean.

Definition 2.4. Harmony.
For reconfiguration operator ρ,

Harmony(C, ρ) : ⇐⇒ ProjStepρ(C)
= LocStepρ(C).

(2.2)

Here ProjStepρ(C) abbreviates
project(stepreconfig(C, ρ)), and LocStepρ(C) ab-
breviates localStepreconfig(project(C), ρ).

Figure 2.1 gives the explicit commuting-square
instance for Harmony.
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C C′

project(C) project(C′)

stepreconfig

localStepreconfig

project project

ρ ∈ {link, delegate}

Figure 2.1: Commuting-square formulation of Har-
mony. Horizontal arrows are global reconfiguration and
projected-local reconfiguration. Vertical arrows are pro-
jection. Commutation states that projecting after one
reconfiguration step equals stepping in the projected
local model.

Definition 2.5. Joint Realizability on Active
Edges.
JointRealizableactive(project(C)) holds when
projected local views admit witnesses for all active
edges.

Definition 2.6. Reconfiguration
Well-Formedness.
Write WFρ(C) for the side-condition predicate
used by reconfiguration theorems: LinkWF(C,ρ)
for static linking, DelegationWF(C,ρ) for
delegation, and TransitionWF(C,ρ) for transition
choreographies.

Definition 2.7. Transition Well-Formedness
Obligations.
TransitionWF(C, ρtr) holds when all of the
following are discharged.
1. Structural typing and domain stability:

source/target interfaces are well-typed,
endpoint and edge domains are preserved on
untouched components, and the declared
transition footprint is well-formed.

2. Transition enabledness: the mode-transition
operator is enabled at C under the declared
operational side conditions.

3. Profile-premise package: TrPrem(C) is
available, including scheduler/budget-side
evidence used by transition descent arguments.

4. Trigger and guard discharge: declared
transition trigger predicates and typed guard
predicates are both satisfied.

Definition 2.8. TransitionWF Judgment
Schema.
For transition choreography ρtr, define witness
package

ωtr := (ωty, ωen, ωpr, ωgd)

and judgment

TransitionWF(C, ρtr) : ⇐⇒ ∃ωtr. TyDomStable(C, ρtr; ωty)
∧ TrEnabled(C, ρtr; ωen)
∧ TrPrem(C; ωpr)
∧ GuardedTr(C, ρtr; ωgd).

(2.3)
Items 1–4 of Definition 2.7 correspond to
TyDomStable, TrEnabled, TrPrem, and GuardedTr
respectively.

Obligation split. Items 1–3 in Definition 2.7
are structural proof obligations. Item 4 records
application-level transition triggers together with
typed admissibility guards.

Definition 2.9. Delegation Safety Predicates.

SafeDelegation(C, ρdel) is the global
delegation-safety judgment, and
SafeDelegationFootprint(C, ρdel) is its
footprint-local form over edges touched by ρdel.

Definition 2.10. Admissible(I).
Admissible(I) holds iff all of the following
obligations are satisfied:
1. Locality: I is checkable from edge-local

obligations on active edges.

2. Erasure stability: I is preserved under
ConfigEquivclasses.

3. Frame stability: untouched edges/endpoints
preserve I under context extension.

4. Delegation-footprint adequacy: for each
delegation step ρdel, I entails the footprint-local
update obligations used by Equation 2.4
together with the declared WFρdel side
conditions.

Admissibility is defined by these obligations only.
It does not assume Coherent.
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Definition 2.11. Envelope Predicates.
Write

EnvelopeRel(Svm, Sref) := ObsEq(Svm, Sref)
∧ CertStepAlign(Svm, Sref)
∧ ProfileAlign(Svm, Sref).

ObsEq means safety-visible observations agree.
CertStepAlign means every admitted VM step has
the declared certified-step witness in the reference
layer. ProfileAlign means both states satisfy the
same profile-side admission obligations.
EnvelopeExact(C) is exactness of the declared
envelope (soundness and realizability and
maximality) at configuration C. EnvelopeOK(C)
means C satisfies the envelope-admission
obligations used in Theorems 9.1–10.1.

Concrete example. Let Sref be a reference ex-
ecution prefix for the running example up to ρ2.
Let Svm be a VM execution prefix with the same
admitted external events, plus internal monitor
bookkeeping steps. If the bookkeeping steps are
silent at Obs, certified-step witnesses map each ad-
mitted VM step to the same reference prefix, and
both prefixes satisfy the same profile obligations,
then EnvelopeRel(Svm, Sref) holds.

Construction recipe. To instantiate EnvelopeRel
for a new protocol, first fix the safety-visible ob-
servation map Obs. Second, define the certified-
step witness relation used by the admission checker.
Third, define profile-side admission obligations and
use their conjunction with observation equality and
certified-step alignment.

Definition 2.12. Capability/Adherence
Predicates.
HasProfileCapabilities(p, Π) means profile (p, Π) is
backed by required theorem-pack capability
evidence. VMAdheres(p, Π) means executions
admitted under (p, Π) satisfy the corresponding
adherence obligations.

Definition 2.13. Configuration Equivalence
(ConfigEquiv).
ConfigEquiv is the least
reflexive/symmetric/transitive closure of the base
generator relation below, and is closed under
context extension on untouched components
(congruence at the frame boundary):

1. silent internal administrative steps that
preserve safety-visible observations,

2. endpoint-preserving renamings on configuration
identifiers,

3. frame-preserving bookkeeping rewrites on
untouched components.

Cross-paper notation note. Paper 1 writes this
same quotient relation as ∼. Canonical alias for
coherent/admitted states is:

X ∼ Y ⇐⇒ X ConfigEquiv Y.

Paper 1 uses ∼ for readability in early quotient
equations, while this paper uses ConfigEquiv to
align theorem and mechanization names.

Generator (paper) Lean anchor/module mapping

silent admin steps config_equiv_iff_effect_bisim_
silent
(Runtime/Proofs/EffectBisim/ConfigEquivBridge.lean)

endpoint renamings Protocol/Coherence/ConfigEquivRenaming/*.lean
frame bookkeeping
rewrites

Protocol/Coherence/ConfigEquiv.lean

Table 2.2: Mapping from paper-level ConfigEquiv gen-
erators to mechanized anchors/modules.

Observation-preservation note. By construction,
every generator in Definition 2.13 preserves the
safety-visible interface Obs, so ConfigEquiv is an
observational quotient.

Lemma 2.14. Generator Sanity for
ConfigEquiv.
If C ⇒gen C ′ by one generator from
Definition 2.13, then Obs(C) = Obs(C ′).

Proof sketch. Proof mode: case analysis on gener-
ator family. Silent administrative steps are Obs-
silent by definition, renamings preserve endpoint-
level observations, and frame bookkeeping rewrites
leave observed components untouched. Hence each
generator preserves Obs.

Definition 2.15. Normalization Relations.
ExchangeEq is the least equivalence relation
generated by adjacent swaps of independent
reconfiguration steps. A swap is admissible when
two enabled steps ρa, ρb from the same pre-state
C satisfy all of the following.
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1. Footprints are disjoint:
Footprint(ρa) ∩ Footprint(ρb) = ∅.

2. Both orders are enabled from C under declared
WFρ side conditions.

3. Diamond commutation holds at the update
boundary:

C
ρa−→ Ca

ρb−→ Cab, C
ρb−→ Cb

ρa−→ Cba,

and Cab ConfigEquiv Cba.
Then ExchangeEq(C1, C2) holds when C1 and C2
are connected by a finite sequence of such
admissible swaps plus ConfigEquivclosure.
C ⊑sp C ′ is the spatial-subtyping preorder used in
Theorem 10.1.

Relation inclusion and role split. Because
ExchangeEq is closed under ConfigEquiv, we have

C1 ConfigEquiv C2 =⇒ C1 ExchangeEq C2.

ConfigEquiv is the observational quotient used by
erasure and adequacy statements. ExchangeEq ex-
tends this with independent-step commutations
used by exchange normalization.

Concrete exchange example. Suppose C has
two enabled reconfiguration steps with disjoint
footprints, one link step and one delegation step
on a different session edge. If both orders are
well-formed and produce ConfigEquivpost-states,
then the two resulting configurations are exchange-
equivalent.

Definition 2.16. Non-Interference Across
Composition.
NonInterf(C1, C2) holds iff all of the following
hold.
1. Footprint disjointness: boundary write

footprints of enabled steps from C1 and C2 are
disjoint.

2. Boundary commutation: if one enabled step
from each component can fire, both execution
orders are defined and preserve the same
safety-visible observation.

3. Witness factorization: certified-step witnesses
for composed traces factor into component
witnesses without cross-boundary dependencies.

Checkability note. Under the same finite-
reachability regime used in Paper 2, Clause 1 is de-
cidable by finite footprint-set intersection. Clause

2 is decidable by bounded two-step exploration
of enabled boundary transitions. Clause 3 is de-
cidable when certified-step witnesses are repre-
sented by finite proof objects with total check-
ers. In that regime, checker/verifier complexity
is poly(Ns + Ne) with witness-validation overhead
poly(Wmax). This is a validation bound, distinct
from runtime transition-step cost in admitted exe-
cutions.

Scope boundary. Outside finite-reachability or
finite-witness encodings, this paper does not claim
a total non-interference decider.

Equation 2.4 states the delegation-footprint up-
date discipline.

C ′ := stepreconfig(C, ρdel),
F := Footprint(ρdel),
D := envD(C), D′ := envD(C ′),
G := envG(C), G′ := envG(C ′),

∀e ∈ F, D′(e) = rewrite(D(e), ρdel),
∀e /∈ F, D′(e) = D(e),

G′ = G on untouched endpoints.
(2.4)

3 Worked Example

We extend the baseline protocol through a sequence
of reconfigurations, including federation, delegation,
and mode transition, demonstrating how harmony,
safety, and budget conservation compose at each
step. The example carries the full structural the-
orem stack (Theorems 4.1, 5.1, 6.1, 7.1, 8.1, 9.1,
10.1, and 11.1) and shows that coherence-preserving
reasoning from the first paper lifts through these
dynamic changes.
Running example. Baseline choreography:

C → P : Request(n)
P → C : Grant(k)
C → M : Report(k)
M → P : Confirm
P → C : Token(t)

Extended system adds: link federation (P1, P2),
delegation C → C ′, and optimistic-to-coordinated
transition choreography.

Fix configurations and reconfiguration operators:

C0
ρlink−−→ C1

ρdel−−→ C2
ρtr−→ C3. (3.1)
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Assume well-formedness judgments Γ ⊢ Ci wf for
i = 0, 1, 2, 3. Here C0 is the coherent single-pool
state before federation, C1 is the linked/federated
state, C2 is the post-delegation state where token
capability is held by C ′, and C3 is the coordinated-
mode state after transition choreography.

The running obligations are used through these
derived rule instances. Write TrPrem(C) for
the transition-profile premise package at C, and
BDesc(C, C ′) for a budget-certified descent witness
from C to C ′.

SD(C, ρ) := SafeDelegation(C, ρ);
SDF(C, ρ) := SafeDelegationFootprint(C, ρ);

EnvRel⋆(C) := EnvelopeRel(Svm(C), Sref(C));
ObsEq⋆(C) := Obs(Svm(C)) = Obs(Sref(C)).

(3.2)

Example derivation: link harmony.

Γ ⊢ C0 wf; WFρlink (C0)
ProjStepρlink

(C0) = LocStepρlink
(C0) (3.3)

Example derivation: delegation safety.

Coherent(C1); DelegationWF(C1, ρdel)
SD(C1, ρdel); SDF(C1, ρdel)

(3.4)

Example derivation: conservation.

WFρlink (C0); Coherent(C0)
W (C1) = W (C0) (3.5)

Example derivation: transition.

WFρtr (C2); Coherent(C2); TrPrem(C2)
C2 →∗ C3; BDesc(C2, C3) (3.6)

Example derivation: adequacy and adherence.

EnvRel⋆(C3); HasProfileCapabilities(p, Π)
ObsEq⋆(C3); VMAdheres(p, Π) (3.7)

Table 3.1 gives the typed guard clauses used to
discharge WFρtr for the optimistic-to-coordinated
step.

Guard Source Consequence

conflict_detected app-level trigger transition enabled
reachable(Coord) crash decider path preserved
W ≤ budget quant. bound budget-feasible
|F | ≤ f fault-budget decl. bounded tolerance

Table 3.1: Typed guard clauses for transition well-
formedness.

Guard-to-predicate link. The rows of Ta-
ble 3.1 discharge Item 4 of Definition 2.7:
conflict_detected is the application trigger,
while reachable(Coord), budget feasibility, and
fault-budget bounds are typed/profile guards. At
equation level, the same rows build the guard wit-
ness used in Equation 2.3:

conflict_detected(C2; ωtrg) reachableCoord(C2; ωreach)
W (C2) ≤ budget(ωbudget) |F (C2)| ≤ f(ωfault)

GuardedTr(C2, ρtr; ωgd)
(3.8)

Combining (3.8) with ωty, ωen, ωpr yields
TransitionWF(C2, ρtr) by Equation 2.3.

Concrete reading: C0 pre-federation, C1 linked,
C2 post-delegation handoff, C3 coordinated mode
with preserved envelope obligations.

4 Theorem B: Reconfiguration
Harmony (Static + Dynamic)

Running-example thread. Section 3 instantiates
this theorem on the sequence C0

ρlink−−→ C1
ρdel−−→ C2.

Reading-order note. Theorem 4.1 is presented
before Theorem 5.1 because later statements de-
pend first on reconfiguration commutation and only
then on erasure characterization. Appendix A Fig-
ure A.1 gives the full dependency graph for this
ordering.

Assumption Block 4.1. Reconfiguration.
The reconfiguration theorems assume typed global
and local states, reconfiguration witnesses
satisfying WFρ, enabled post-reconfiguration steps,
and compatibility side conditions for unaffected
edges.

Theorem 4.1. Reconfiguration Harmony.
For all configurations C and reconfiguration
operators ρ ∈ {link, delegate}, if Assumption
Block 4.1 holds for (C, ρ), then

ProjStepρ(C) = LocStepρ(C). (4.1)

Equivalently, the reconfiguration square commutes
at the projection boundary.

Premise roles. In Theorem 4.1, typedness dis-
charges WFρ obligations for link/delegate, while
Coherence is the preserved safety invariant trans-
ported through commutation.

8



DRAFT

Running-example instantiation. For the exam-
ple in Section 3, the link and delegation steps are
exactly the two operators in this theorem.

Lemma 4.2. Delegation Projection
Preservation Shape.
Under Assumption Block 4.1, let ρdel be a
well-formed delegation step from C with footprint
F and post-state C ′ = stepreconfig(C, ρdel). If the
update discipline of Equation 2.4 holds, then

project(C ′) = localStepreconfig(project(C), ρdel).
(4.2)

The lemma packages the delegate case used in
Theorem 4.1. On footprint edges e ∈ F , pro-
jection follows delegation update witnesses. On
non-footprint edges e /∈ F , projection follows
frame preservation. These two clauses are exactly
the commutation link from update discipline to
projected-step equality.

The proof has two components: static Har-
mony via link, where composition-level commu-
tation and coherence preservation are established
in deployment theorems such as link_harmony_
through_link and link_preserves_coherent;
and dynamic Harmony via delegation, where del-
egation preservation and footprint lemmas estab-
lish commutation for topology-changing transfers.
At the effect-observation boundary, the coinduc-
tive bridge supplies the composition-facing con-
gruence and quotient lift used by this section:
effect_bisim_congr_link and config_equiv_
iff_effect_bisim_silent.

Side-condition necessity is explicit. Dropped-
condition counterexample interfaces are part of the
reconfiguration bridge layer.

Proof. Fix C and ρ ∈ {link, delegate} satisfying
Assumption Block 4.1. We prove

ProjStepρ(C) = LocStepρ(C)

by case analysis on ρ.
Case ρ = link. From WFρ we obtain a well-

formed composition object and enabled post-link
step. Apply link_preserves_coherent to pre-
serve coherence across the link update, then apply
link_harmony_through_link to obtain commuta-
tion of projection with the link step:

project(stepreconfig(C, link)) =
localStepreconfig(project(C), link).

This is exactly ProjSteplink(C) = LocSteplink(C).
Case ρ = delegate. Let F := Footprint(ρdel) and

write C ′ := stepreconfig(C, ρdel). Delegation well-
formedness gives the side conditions required by the
delegation-preservation layer. Apply Lemma 4.2
to the same C, ρdel, F , i.e. ProjStepdelegate(C) =
LocStepdelegate(C). In the running example, this is
the C1 → C2 delegation handoff.

Boundary transport. The above equalities
are preserved at the observational/quotient inter-
face by effect_bisim_congr_link and config_
equiv_iff_effect_bisim_silent, so the same
commutation statement holds at the composition-
facing boundary used by later theorems.

Both cases are proved, therefore ProjStepρ(C) =
LocStepρ(C) for all ρ ∈ {link, delegate} under the
stated assumptions.

Equation 4.3 separates static-link and dynamic-
delegation commutation instances.
Commutation instances: link and delegate.

ProjLinkStep(C) = LocLinkStep(C);
ProjDelegateStep(C) = LocDelegateStep(C).

(4.3)

5 Theorem A: Projection-Erasure
Characterization of Coherence

Running-example thread. Section 3 provides the
concrete projected traces used to read this equiva-
lence operationally.

Erasure terminology. This paper uses three re-
lated terms. Projection erasure is the map project.
Class erasure is quotienting by ConfigEquiv. Finite-
state erasure transportability is the boundary prop-
erty in Corollary 9.2.

Theorem 5.1. Projection-Erasure
Characterization of Coherence.
Under Assumption Block 2.1, for all configurations
C,

Coherent(C)
⇐⇒ JointRealizableactive(project(C)).

(5.1)

That is, Coherence holds exactly when projected
local views admit a compatible active-edge witness
assignment.

9
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Running-example instantiation. For C0, . . . , C3
in Section 3, the theorem identifies Coherence with
active-edge realizability of their projected local
views.

This theorem gives the formal content of the
quotient-first claim: erasure is not a heuristic post-
processing step but the semantic object preserved
by the theorem stack.

Proof sketch. The two directions are proved sepa-
rately.
1. Coherent → JointRealizableactive:

• from edge-local compatibility (EdgeCoherent)
build per-edge witnesses for projected local
obligations,

• combine witnesses over active edges to obtain
joint realizability.

2. JointRealizableactive → Coherent:

• invert witness assignment into edge-local con-
sume compatibility,

• reassemble edge obligations into global
Coherent.

3. Class-erasure stability:

• use coherent_erasure_stable to show
equivalence is preserved across configuration
erasure classes.

Therefore Coherence is exactly characterized by
active-edge realizability of projected views.

6 Theorem C: Safe Delegation with
Footprint Corollary

Running-example thread. Section 3 uses this theo-
rem at the delegation step ρdel from C1 to C2.

Theorem 6.1. Safe Delegation Sufficiency.
Under Assumption Block 4.1, for all configurations
C and delegation operations ρdel,

Coherent(C) ∧ DelegationWF(C, ρdel)
=⇒ SafeDelegation(C, ρdel).

(6.1)

Running-example instantiation. The delegation
operation in Section 3 is a direct instance of this
theorem’s premise shape.

Corollary 6.2. Footprint Exactness
Packaging.
Under Assumption Block 4.1, for all C, ρdel
satisfying the stated step and well-formedness side
conditions,

SafeDelegation(C, ρdel)
⇐⇒ SafeDelegationFootprint(C, ρdel).

(6.2)

The converse direction is accompanied by
strictness witnesses for dropped side conditions.

Proof sketch. Sufficiency follows by composing:
1. Coherence on active edges,

2. delegation well-formedness side conditions
(WFρdel),

3. delegation-preservation lemmas that update
only the delegation footprint.

Together these imply safe delegation without intro-
ducing additional global invariants.

Proof sketch. For the forward direction, ap-
ply safe_delegation_to_footprint to project
SafeDelegation obligations to the declared delega-
tion footprint. For the reverse direction, apply
footprint_to_safe_delegation to reconstruct
global safety from footprint obligations. Strict-
ness witnesses from safe_delegation_local_
necessity show necessity of the side condi-
tions. The full equivalence is packaged as safe_
delegation_iff_footprint.

7 Theorem D: Relative Minimality

Running-example thread. Section 3 gives the con-
crete admissibility obligations that this minimality
theorem abstracts.

Theorem 7.1. Relative Minimality.
Under Assumption Block 4.1, for all invariants I,

Admissible(I) =⇒ ∀C, I(C)
=⇒ Coherent(C).

(7.1)

Hence Coherence is the weakest admissible
invariant that guarantees delegation safety under
the stated model side conditions.

Running-example instantiation. For the running
reconfiguration sequence, any candidate invariant
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used to certify delegation safety must imply the
same Coherence core.

This theorem prevents “stronger-than-needed”
invariant inflation and pins down the architectural
core. It is a characterization-style minimality theo-
rem relative to the admissibility class above.

Proof sketch. Assume any invariant I satisfying
Admissible(I).
1. Use admissibility clauses (locality, erasure sta-

bility, frame stability, delegation adequacy) to
transport I along the same edge-local transfor-
mations used by Coherence.

2. Apply delegation-safety adequacy to derive local
safety obligations on all active edges.

3. Convert these obligations into Coherence via
erasure-characterization lemmas.
The full minimality statement is packaged as

relative_minimality. Hence every admissible
safety-guaranteeing invariant implies Coherence,
making Coherence relatively minimal.

Equation 7.2 summarizes the admissible-
invariant order behind Theorem 7.1. The display
below separates the invariant implication layer from
its delegation safety consequence so the proof flow
remains explicit.

Admissible(I)
⇓

∀C, I(C) ⇒ Coherent(C)
⇓

delegation safety consequences.

(7.2)

8 Theorem E: Composed-System
Conservation

Running-example thread. Section 3 instantiates the
pure-link and delegation conservation path before
transition choreography descent.

Theorem 8.1. Composed-System
Conservation.
Under Assumption Block 4.1, for all configurations
C and reconfiguration operators ρ, if WFρ(C) and
Coherent(C) hold, then

Coherent(stepreconfig(C, ρ)). (8.1)

For all configurations C and pure reconfiguration
operators ρ,

WFρ(C) ∧ Coherent(C)
=⇒ W (stepreconfig(C, ρ)) = W (C).

(8.2)

For transition choreographies ρtr with stated
budget and scheduler premises (fairness-required),
descent and budget certificates are preserved with
conservative profile-dependent bounds.

Fairness-required clause. The pure-
reconfiguration conservation statements are
fairness-independent. The transition-side bounded-
dissipation clause uses the declared scheduler/-
fairness premises imported with the quantitative
profile.

Running-example instantiation. In Section 3,
C0 → C1 → C2 is the conservative branch and
C2 → C3 is the budgeted transition branch.

The theorem separates conservation and dis-
sipation roles. Pure reconfiguration preserves
the weighted quantity exactly. Transition chore-
ographies consume certified progress budget and
are therefore dissipative with explicit bounds.
This split keeps structural rewiring distinct from
progress-consuming work.

Under composition and delegation:
1. Coherence and Harmony are preserved.

2. Quantitative lift from Computable Dynamics for
Asynchronous MPST holds:

• pure reconfiguration conserves the weighted
measure,

• transition choreographies are governed by de-
scent and budget certificates.

This theorem combines composition, delegation,
and quantitative invariants in one package.

Proof sketch. Split reconfiguration into conserva-
tive and budgeted classes.
1. Pure reconfiguration (link/delegation):

• preserve Coherence/Harmony by Theo-
rem 4.1-side machinery,

• show weighted measure W is invariant un-
der balanced delegation/rewiring (lyapunov_
conserved_under_balanced_delegation).

2. Transition choreographies:
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• apply inherited quantitative descent/budget
certificates from the dynamics layer,

• conclude bounded dissipation under declared
scheduler premises.

3. Compose both cases via flagship_composed_
system_conservation to obtain theorem state-
ment and conservative profile-dependent quanti-
tative side.

Corollary 8.2. Compositional Exactness
Under Non-Interference.
For all compositions C1 ⊗ C2, if Assumption
Block 9.1 holds for both components and
NonInterf(C1, C2) holds, then envelope exactness
is preserved by composition:

EnvelopeExact(C1) ∧ EnvelopeExact(C2) =⇒
EnvelopeExact(C1 ⊗ C2).

(8.3)
Strictness witnesses are provided for dropped
non-interference premises.

Proof sketch. NonInterf(C1, C2) gives a check crite-
rion through footprint disjointness and boundary
commutation, and a semantic criterion through
witness factorization. These clauses factor com-
posed traces into component traces with no cross-
boundary interference steps. Apply envelope exact-
ness to each component and recompose to obtain
exactness of the composition. For strictness, use
the dropped-assumption witness family to exhibit
an interfering trace that violates factorization and
therefore exactness.

Interference example. If both components per-
form delegation rewrites that target the same
boundary edge in one macro-step window, foot-
print disjointness fails. The two execution orders
can then induce different certified boundary traces,
so composed exactness can fail.

Equation 8.4 summarizes the quantitative split.
The next display separates pure conservation
from transition-side descent to match the two
proof branches in Theorem 8.1. Write Sρ(C) :=
stepreconfig(C, ρ).

pure ⇒ W (Sρ(C)) = W (C),
trans ⇒ descent_budget.

(8.4)

Here pure abbreviates pure reconfiguration, and
trans abbreviates transition choreography with
inherited descent/budget certification under the
stated profile assumptions.

9 Theorem F: Exact
Characterization of Determinism
Envelope

Running-example thread. Section 3 supplies the ad-
mitted execution prefixes used to read the envelope
clauses.

Assumption Block 9.1. Envelope.
Envelope theorems assume the declared
admissibility profile with trace well-formedness,
certified-step obligations, and the realizability
witness schema used by the admission checker.

Theorem 9.1. Exact Determinism Envelope.
Under Assumption Block 9.1, there exists an
envelope relation EnvelopeReland an induced
admitted trace set E such that:
1. Soundness: ∀t, Certified(t) =⇒ t ∈ E.

2. Realizability: ∀t ∈ E , ∃e, Trace(e) = t.

3. Maximality: ∀E ′, if E ′ ⊋ E, then ∃t ∈ E ′ \ E
that violates admissibility constraints.

Running-example instantiation. The admitted
traces around C3 in Section 3 are the concrete
profiles for soundness and realizability checks.

The envelope claim is exact under the stated
model and assumption bundle:
1. soundness: certified executions lie within the

envelope.

2. realizability and completeness: admitted enve-
lope behaviors are witnessed.

3. maximality: strict supersets are rejected by wit-
ness counterexamples.
Conceptually, this is dual to Theorem 7.1:

• D: weakest admissible invariant core,

• F: maximal admissible behavior envelope.

Proof sketch. Exactness is obtained by packaging
three envelope properties.
1. Soundness:
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• derive Certified → Envelope from lo-
cal/sharded envelope soundness definitions
and profile extraction.

2. Realizability/completeness:

• use realizability witness schemas to construct
executions for admitted envelope behaviors.

3. Maximality:

• show any strict envelope extension violates
admissibility via explicit witness obligations.

Core formal structures come from envelope foun-
dations (LocalExactEnvelopeCharacterization,
ShardedExactEnvelopeCharacterization) and
profile-level extraction theorems (consensus_
envelope_exact_of_profile, failure_
envelope_maximality_of_profile). Method
split. Soundness/maximality steps are composi-
tional consequence packaging over certified-step
obligations, while realizability is a witness con-
struction argument that builds executions from
admitted traces.

Corollary 9.2. Finite-State
Erasure-Transportability Boundary.
Under Assumption Block 9.1,

∀t, FiniteErasureTransportable(t)
⇐⇒ RationalFiniteState(t).

(9.1)

Proof sketch. Use Theorem 9.1 to identify exactly
admissible envelope traces. Then apply the finite-
state/rational witness bridge in the same profile to
show bi-implication between finite erasure trans-
portability and rational finite-state representability.
This is a compositional combination of exactness
plus witness equivalence, not an additional fixed-
point proof.

Corollary 9.3. Strict Boundary Witness.
Under Assumption Block 9.1, there exists t such
that

¬RationalFiniteState(t)
∧ ¬FiniteErasureTransportable(t).

(9.2)

Proof sketch. From maximality in Theorem 9.1,
any strict extension beyond the admitted class must
violate an admissibility clause. Instantiate that vi-
olation with the strict-boundary witness family to
obtain t outside rational finite-state transportabil-
ity. This is a witness-construction argument.

Corollary 9.4. Inductive-Embedding
Exactness.
Under Assumption Block 9.1, for all inductive
states x, exact envelope characterization is
preserved under toCoind:

EnvelopeExactind(x)
⇐⇒ EnvelopeExactcoind(toCoind(x)).

(9.3)

Proof sketch. Apply envelope exactness on the
inductive representation, then transport along
toCoind and its inverse correspondence laws. The
proof is compositional: representation conversion
preserves the same admission/equality obligations
on both sides, so exactness is equivalent after em-
bedding.

Appendices A and C provide the detailed wit-
ness constructions and transport lemmas for these
boundary corollaries.

10 Theorem G:
Exchange-Normalized
Determinism and Spatial
Monotonicity

Running-example thread. Section 3 gives indepen-
dent reconfiguration steps whose admissible swaps
are quotiented by this theorem.

Theorem 10.1. Exchange-Normalized
Determinism and Spatial Monotonicity.
Under Assumption Block 9.1, for all configurations,
the following properties hold:
1. Exchange normalization:

ExchangeEq(C1, C2)
=⇒ Obs(C1) = Obs(C2).

(10.1)

2. Spatial monotonicity:

C ⊑sp C ′ ∧ EnvelopeOK(C)
=⇒ EnvelopeOK(C ′).

(10.2)

Running-example instantiation. In Section 3,
swapping independent certified updates while pre-
serving observation is an exchange-normalization
instance.

Theorem 10.1 combines two normalization prop-
erties.
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1. Exchange normalization: admissible reorderings
collapse to equivalent safety-visible outcomes.

2. Spatial monotonicity: envelope and safety obli-
gations are preserved under admissible spatial
refinement.
This is a symmetry-reduction statement. Dif-

ferent concrete traces can represent the same ob-
servable behavior class once exchange symmetries
are quotiented. The theorem makes that collapse
explicit and checkable at the envelope layer.

This theorem sharpens what “determinism mod-
ulo envelope” means operationally.

Proof sketch. Instantiate reconfiguration-bridge
theorem forms with exchange and spatial premises.
1. Exchange normalization follows from bridge

theorem exchange_normalization_of_e1_
bridge_premises.

2. Spatial monotonicity follows from spatial_
subtyping_monotonicity_of_e1_bridge_
premises.

3. Combine both to obtain determinism modulo
envelope classes rather than raw traces.

11 Theorem H: Observational
Adequacy and VM Adherence
Modulo Envelope

Running-example thread. Section 3 provides the
VM/reference paired prefixes used by adequacy and
adherence.

Assumption Block 11.1. Adequacy.
Adequacy and adherence theorems assume
envelope-related VM and reference states,
trace-consistency premises for observable events,
and profile extraction rules for capability reports.

Theorem 11.1. Observational Adequacy and
VM Adherence Modulo Envelope.
(Adequacy). Assume Assumption Block 11.1. Let
states Sv, Sr satisfy

EnvelopeRel(Sv, Sr). (11.1)

Then
Obs(Sv) = Obs(Sr). (11.2)

(Adherence). For all profiles (p, Π), if the
profile-side premises of Assumption Block 11.1
hold and the capability premise below holds,

HasProfileCapabilities(p, Π). (11.3)

then
VMAdheres(p, Π). (11.4)

Local and sharded variants are recovered as
profile-specific instances under explicit collapse
assumptions.

Proof sketch. The adequacy/adherence statement
is obtained by composition of three bridges.
1. Protocol outcome bridge:

• connect observational equality and effect-
bisim (protocol_outcome_effect_bisim_
of_observational_eq).

2. Compile/runtime refinement bridge:

• lift effect-bisim to compile-time obser-
vational refinement (compile_refines_
observational_eq_of_effect_bisim).

3. VM view bridge:

• connect VM configuration equivalence
and effect-bisim (vm_view_effect_
bisim_of_vmc_equiv, vm_c_equiv_of_vm_
view_effect_bisim, topology_change_
preserves_vmc_equiv_via_effect_
bisim).

Adequacy follows from trace-consistency theorem
(vm_adequacy_of_trace_consistency). Adher-
ence follows from profile-capability extraction and
theorem-pack gating. Method split. The bridge
composition itself is compositional. The trace-
consistency discharge uses the existing finite-trace
induction packaged in vm_adequacy_of_trace_
consistency.

Running-example instantiation. The adequacy
derivation for C3 in Section 3 is a direct instance
of this theorem.

Configuration-equivalence link. The quotient
used by this section is ConfigEquiv, connected
to effect-bisimulation through config_equiv_iff_
effect_bisim_silent. This is why adequacy and
adherence transport can be stated at the same
observational boundary.
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VM instruction-layer note. This section reuses
the instruction-form interface and WellTypedInstr
mapping from the Effect-Typed Bridge in Co-
herence for Asynchronous Buffered MPST (Sec-
tion 7, Proposition 7.1). At this interface,
send/select carry sender-continuation obligations,
recv/branch carry consume-alignment obligations,
and invoke carries handler-fragment lift obliga-
tions. The novelty here is envelope-indexed ade-
quacy and adherence transport over that shared
VM typing layer.

Proposition 11.2. Capability-Bit Soundness.
Under Assumption Block 11.1, for all runtime
profiles q and capability bits b, if q advertises b,
then there exists a corresponding theorem-pack
object ab such that ab satisfies the same
envelope-premise profile used by Theorem 11.1.

Proof sketch. Proof mode: witness extraction.
From capability extraction, each advertised
bit b yields an intermediate typed gate fact
cap_entry_typed(q, b) validated by theorem-pack
checking. Soundness of extraction maps this fact
to witness object ab with matching profile premises.
Therefore each advertised capability is justified by
a corresponding theorem-pack witness under As-
sumption Block 11.1.

Corollary 11.3. Principal Capability and
Admission Completeness.
Under Assumption Block 11.1, let Duser be a
requested envelope capability and let Dprog be
inferred from program and deployment profile. We
have

CapE := { d | CapOKEnvelopeRel(d) },

where CapOKEnvelopeRel(d) means that d is admitted
by the envelope profile induced by EnvelopeRel.

Duser ⊆ Dprog ⊆ CapE . (11.5)

Admission is complete with a principal inferred
capability.

Assumption Block 11.2. Byzantine.
Byzantine characterization assumes explicit
bundle Hbyzwith fault-model, authentication and
evidence-validity, conflict-exclusion primitive
consistency, and adversarial-budget side
conditions.

Shared Byzantine notation block (series base-
line). This section reuses ByzChar, ByzSafe, Eqbyz

safe,
and Ebyzfrom Papers 1–2 and adds envelope adher-
ence/admission integration at the A–H boundary.

Definition 11.4. Byzantine Bundle
Component Meanings.
At the envelope interface in this paper:
1. ByzQuorumOK: quorum and intersection

constraints hold for the declared fault budget.
The standard threshold instantiation is n > 3f
with quorum intersection witnesses.

2. ByzAuthEvidenceOK: accepted
Byzantine-relevant actions carry valid
authentication and evidence for envelope
admission.

3. ByzBudgetOK: adversarial actions satisfy the
declared budget envelope used by profile
admission.

4. ByzPrimitiveConsistent: primitive-level conflict
exclusion and consistency obligations hold for
certified transitions.

ByzSafe is the operational safety predicate at this
interface. It means admitted executions preserve
non-conflicting safety-visible outcomes in
Obsbyz

safemodulo Ebyz.

Layering note. Paper 2 establishes profile-level
exact safety characterization for the static and deci-
sion layer. The theorem below lifts that character-
ization to the reconfiguration and VM-adherence
boundary used in this paper.

Define

ByzChar := ByzQuorumOK
∧ ByzAuthEvidenceOK
∧ ByzBudgetOK
∧ ByzPrimitiveConsistent.

(11.6)

where each conjunct names the corresponding re-
quirement class in Assumption Block 11.2.

New in this paper: Byzantine characterization is
lifted to the envelope and VM adherence boundary,
so the exact safety interface composes directly with
Theorem 11.1.

Theorem 11.5. Exact Byzantine Safety
Characterization.
Under Assumption Block 11.2, profile extraction
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yields an exact-characterization package for the
declared Byzantine model. At this paper interface,
the package gives

ByzChar ⇐⇒ ByzSafe. (11.7)

with relative maximality for the same
characterization relation.

Proof sketch. First instantiate the profile pack-
age under Assumption Block 11.2. Second, ex-
tract soundness, completeness, and maximality
components from byzantine_safety_exact_of_
profile. Third, reinterpret those components
through the same safety-visible interface used by
Theorem 11.1. This yields the exact iff character-
ization. The argument is compositional package
projection rather than a fresh induction.

Corollary 11.6. Converse Counterexample
Families.
If any required class in Assumption Block 11.2 is
dropped, there exists a counterexample family
violating ByzSafe. Covered dropped classes are
quorum or intersection obligations, authentication
or evidence-validity obligations, adversarial-budget
obligations, and primitive-consistency obligations.

Proposition 11.7. Byzantine VM Adherence
and Admission Gating.
Under Assumption Blocks 11.1 and 11.2, for
runtime profile (p, Π), if theorem-pack capability
bits include Byzantine safety characterization and
VM envelope adherence evidence, then admitted
executions satisfy Eqbyz

safemodulo Ebyzand rejected
requests correspond to failed assumptions or
missing evidence.

12 Supporting Formal Layer

Three support packages make the main theorem
stack executable and compositional.
1. Higher-order extension: channel-carrying payloads and

graph-delta semantics.
2. Conservative extension: collapse back to first-order when

no channel payloads are present.
3. Delegation-preservation microkernel: redirected, unre-

lated, and other-session edge coherence lemmas.

Concrete modules for these packages:

1. Higher-order/graph-delta semantics: Protocol/
Coherence/GraphDelta.lean, Protocol/
Coherence/GraphDeltaHO.lean.

2. First-order collapse and equivalence/re-
naming support: Protocol/Coherence/
ConfigEquiv.lean, Protocol/Coherence/
ConfigEquivRenaming/*.lean, Protocol/
Coherence/RoleSwap/*.lean.

3. Delegation microkernel: Protocol/Coherence/
Delegation/Core/*.lean, Protocol/
Coherence/Delegation/Preservation.lean.
Channel-payload cross-reference. The for-

mal channel-payload objects and rewrite rules
are the definitions in GraphDelta.lean and
GraphDeltaHO.lean. The anchor mapping is listed
in Appendix E.

Definition 12.1. Payload-Carrying Edge.
An active edge e = (u, v) is payload-carrying when
the message payload on e includes transferable
channel/capability references (not only first-order
data values). In that case, one-step semantics
includes both control-trace update and
capability-graph update obligations.

Higher-order Coherence lift. For a payload-
carrying edge, coherence requires two checks. The
control trace must satisfy the same Consume-style
alignment obligation as the first-order case. The
transferred payload-channel capability graph must
satisfy the graph-delta compatibility obligations
used by the delegation-preservation layer. Pro-
jected local types therefore mention payload chan-
nels only through admitted capability transfers. If
no channel payloads are present, the payload clause
is vacuous and the theorem statements collapse to
the first-order form.

Graph-delta example. Suppose a delegation mes-
sage on edge (C, C ′) transfers a capability token
for channel χ. The graph-delta obligations require
(i) removal of χ from the sender-side capability
map, (ii) insertion at the receiver side, and (iii)
preservation of declared disjointness/ownership in-
variants on unrelated edges. Control alignment
without this capability rewrite is insufficient for
higher-order coherence.

Mini-trace (end-to-end). A payload transfer with
graph-delta rewrite is:
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C2
ρdel[χ]−−−−→ C ′

2

ΓC
cap(χ) = 1, ΓC′

cap(χ) = 0 ∆graph====⇒ ΓC
cap(χ) = 0, ΓC′

cap(χ) = 1

Obs(C ′
2) = Obs(C2) on unrelated edges

C ′
2

ρtr−→ C3.

Failure if graph-delta obligations are dropped: if
sender-side removal is not enforced, both endpoints
can retain χ, producing duplicated capability own-
ership and violating delegation-preservation invari-
ants; such steps are not admitted by the higher-
order coherence checker.

When to use which layer. First-order coher-
ence is sufficient when payloads are data-only and
no channel/capability references are transferred.
Higher-order coherence is required when delega-
tion or migration carries channel capabilities whose
ownership/footprint must be rewritten soundly.

13 Worked Transport in Main Body

This section formalizes two transport instances
from the generic schema in Appendix B. Connec-
tion to the theorem stack. Theorem 11.1 provides
the observational/adherence boundary that lets
structural executions be identified with analytic
observables. The transport statements below are
therefore stack-enabled applications: they use the
structural interface discharged by Theorems 4.1,
5.1, 6.1, 7.1, 8.1, 9.1, 10.1, and 11.1 plus extra ana-
lytic package premises. They are not corollaries of
Theorem 11.1 alone, because each transport bound
additionally requires an external analytic package.

Assumption Block 13.1. Transport.
For each target claim, assume:
1. the structural theorem interface required by

Theorems 4.1, 5.1, 6.1, 7.1, 8.1, 9.1, 10.1,
and 11.1 at the relevant profile,

2. an external analytic package for the target
claim,

3. interface compatibility between structural
observables and analytic variables.

Definition 13.1. Transport Package
Well-Formedness.
TailPkgWF(θ) holds iff the transport interface
verifies: (i) target-signature compatibility for
Ψtail(·; θ), (ii) observable-domain compatibility

with transported variable Tcomp, and (iii)
checker-side certificate object well-typing.
MixPkgWF(η) is defined analogously for Ψmix(·; η)
and transported law sequence (µn)n.
Write

TailPkg(θ) := TailPkgWF(θ) ∧ TailAnalyticCert(θ),

MixPkg(η) := MixPkgWF(η) ∧ MixAnalyticCert(η),

where TailAnalyticCert and MixAnalyticCert are
external analytic certificates not derived by
structural protocol proofs.

Package existence guidance. Typical sufficient
conditions are as follows. For a tail package, one
may use bounded-increment or bounded-moment
assumptions that yield concentration bounds for
the transported observable. For a mixing package,
one may use a contractive/ergodic hypothesis (for
example, geometric contraction in the chosen met-
ric) that yields an explicit rate function. These
are analytic assumptions external to the structural
theorem stack.

Validation boundary. The transport interface
validates structural compatibility and the declared
package shape (target function/signature compati-
bility), but it does not derive analytic inequalities
from protocol structure alone. Analytic package
obligations are consumed as external proved certifi-
cates.

Non-example. If the transported observable has
heavy tails with no admissible concentration in-
equality in the declared family, or if the induced
process is non-mixing (for example periodic with-
out contraction), then no admissible TailPkg or
MixPkg exists for those targets.

Proposition 13.2. Transport Package
Validation Sufficiency.
Under Assumption Block 13.1, if TailPkgWF(θ)
(resp. MixPkgWF(η)) then the transport interface
can safely consume the package: shape/domain
checks and witness typing checks succeed, and all
remaining obligations are exactly the external
analytic certificate clauses TailAnalyticCert(θ)
(resp. MixAnalyticCert(η)).

Proof sketch. Proof mode: witness construction.
Package well-formedness provides concrete inter-
face witnesses for signature, domain, and typing
compatibility. The interface checker consumes
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these witnesses and reconstructs the structural sub-
stitution used by transport theorems. No addi-
tional structural premise is needed; only the ana-
lytic inequality clause remains external by defini-
tion.

Fix the source execution family to the running-
example transition slice from Section 3:

C2
ρtr−→ C3 −→ · · · . (13.1)

and let transported observables be computed from
the safety-visible projection Obs. Concretely for
this running slice, we use

Xn := Obs(Cn),
Tcomp := inf{n | Complete(Cn)},

µn := L(Xn),

(13.2)

where Complete(Cn) abbreviates “Cn satisfies the
coordinated-mode completion guard,” and µn is
the transported law at step n.

Concrete package instances. One admissible tail-
package instance is a sub-gamma style bound

Ψtail(t; σ, ν) = exp
(

− t2

2(ν + σt)

)
, t ≥ 0.

One admissible mixing-package instance is geomet-
ric decay

Ψmix(n; β, ρ) = β ρn, n ≥ 0, 0 < ρ < 1.

These are examples of the package interface, not
additional semantic claims.

Admissible-rate side conditions used by this sec-
tion are: non-negativity on the declared domain,
monotonic non-increase in the step or deviation pa-
rameter, and convergence to zero in the asymptotic
limit where the bound is intended to vanish.

Theorem 13.3. Tail-Bound Transport.
Let Tcomp be completion time for the declared
execution family. Under Assumption Block 13.1,
with interface-verified premise TailPkgWF(θ) and
external analytic premise TailAnalyticCert(θ),

∀t ≥ 0, Pr
[
Tcomp − E[Tcomp] ≥ t

]
≤ Ψtail(t; θ).

(13.3)
The bound is exact with respect to the imported
analytic package and does not strengthen structural
premises.

Proof sketch. Proof mode: compositional trans-
port. Instantiate Theorem B.1 with target claim
equal to the tail inequality. Intermediate step:

Theorems 4.1, 5.1, 6.1, 7.1, 8.1, 9.1, 10.1, and 11.1∧TailPkgWF(θ) =⇒ IfaceTailReady(θ).

Then combine IfaceTailReady(θ) with
TailAnalyticCert(θ) and observable compatibil-
ity to obtain the stated bound.

Theorem 13.4. Mixing-Rate Transport.
Let µn be the transported observable distribution at
step n and µ∗ its reference limit. Under
Assumption Block 13.1, with interface-verified
premise MixPkgWF(η) and external analytic
premise MixAnalyticCert(η),

∀n ≥ 0, ∥µn − µ∗∥TV ≤ Ψmix(n; η). (13.4)

Again, the conclusion imports analytic
constants/rates without adding new semantic
assumptions to the theorem stack.

Proof sketch. Proof mode: compositional trans-
port. Apply Theorem B.1 with target claim equal
to the mixing inequality. Intermediate step:

Theorems 4.1, 5.1, 6.1, 7.1, 8.1, 9.1, 10.1, and 11.1∧MixPkgWF(η) =⇒ IfaceMixReady(η).

Use IfaceMixReady(η) plus MixAnalyticCert(η) to
derive the contraction estimate on the transported
process, yielding the stated total-variation bound.

14 Discussion: The Classical
Boundary

This section is interpretive and does not add theo-
rem premises. Theorems 4.1 through 11.1 remain
valid without this interpretation. The discussion
explains why the proof architecture has its current
shape. It also explains where the current model
intentionally stops.

The formal layer establishes exchangeability
through delegation-compatible symmetries, local
compatibility through active-edge Coherence, and
well-posed quotient dynamics through Harmony
and envelope laws. These results define an erasure-
safe regime for the model class in this paper.
Within that regime, safety-visible behavior is in-
variant under the declared symmetries. This is the
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precise sense in which identity details are treated
as gauge.

The boundary claim is exact for the stated as-
sumptions. Safe erasures are exactly those justi-
fied by Coherence-preserving symmetries and en-
velope admissibility laws. Behaviors that depend
on non-erasable state update mechanisms require
a different semantic model. Examples include mea-
surement backaction and entanglement-sensitive
observables.

This interpretation is consistent with established
MPST coherence lines: global coherence and pro-
jectability with projection refinement (Honda et
al., 2008; Honda et al., 2016; Castagna et al., 2012;
Majumdar et al., 2021), logical n-ary coherence
formulations (Carbone et al., 2015; Carbone et al.,
2016; Carbone et al., 2017), and data-certification
lines that remain projection-based (Toninho and
Yoshida, 2017), together with session-typing corre-
spondences in Girard (1987), Caires and Pfenning
(2010), and Wadler (2012). The paper does not
claim model identity with those frameworks. It
claims an operational correspondence at the level of
compatibility structure. That correspondence is suf-
ficient for the theorem program in this manuscript.

15 Related Work

Work on reconfiguration and delegation established
important safety baselines for dynamic session
topologies. These lines often prove preservation-
style properties for specific operators. They usually
do not package commutation, minimality, and ex-
act envelope bounds in one theorem stack. This
paper targets that combined package.

Mechanized MPST developments established
high-confidence metatheory and exposed proof
fragility under richer operational features. The
robustness analysis in Tirore, Bengtson, and Car-
bone (2025) is especially relevant to this pressure
point. The present work responds by factoring
the development into reusable assumption blocks
and bridge theorems. This choice reduces repetition
across reconfiguration, exactness, and adequacy lay-
ers. Concretely, their robustness analysis highlights
brittleness when adding new operational construc-
tors (for example richer delegation/update features)
and when transporting equivalence claims across
presentation layers. In this series, assumption-block

factoring localizes those obligations: constructor-
sensitive premises are isolated in reconfiguration
blocks, while observational transport obligations
are isolated in bridge/adequacy blocks, reducing
cross-theorem proof breakage under feature growth.

Brittleness Pattern (Tirore et al.)Mitigation in This Series

New operational
constructors
destabilize proof reuse

Isolate constructor-sensitive
obligations in explicit
reconfiguration assumptions and
TransitionWF judgments
(Section 2; Theorems 4.1–6.1).

Transporting
equivalence claims
across layers requires
re-proving glue lemmas

Factor bridge composition once
at adequacy boundary, then
reuse in envelope and transport
interfaces (Section 11;
Section 13).

Table 15.1: Concrete mapping from reported robust-
ness pressure points to mitigations in this series.

Session foundations from Honda et al. (2008,
2016) and global coherence and projectability re-
finements (Castagna et al., 2012; Majumdar et al.,
2021) remain the base for local and global consis-
tency claims, alongside logical coherence accounts
(Carbone et al., 2015; Carbone et al., 2016; Car-
bone et al., 2017), data-certification extensions
(Toninho and Yoshida, 2017), and logical corre-
spondences (Caires and Pfenning, 2010; Wadler,
2012). Program-logical lines such as Hinrichsen et
al. (2020) provide strong local reasoning for im-
plementations. Event-structure and partial-order
models such as Castellan et al. (2023) provide alter-
nate macro semantics for concurrency. This paper
works at the semantic-commutation layer and con-
nects that layer to runtime adherence evidence.

We refine established MPST coherence with an
operational invariant over local environments and
buffered traces. The novelty here is theorem-level
integration of Harmony, relative minimality, exact
envelope characterization, and VM adherence over
that refined kernel.

Our refinement and adequacy framing is also
consistent with classical correspondence and
distributed-system baselines (Abadi and Lamport,
1991; Lamport, 1978; Chandy and Lamport, 1985),
while Byzantine-facing interfaces inherit the stan-
dard adversarial formulation lineage (Lamport et
al., 1982).
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The main difference of this paper is theorem-level
integration of reconfiguration Harmony, relative
minimality, exact determinism-envelope characteri-
zation, and VM adherence modulo envelope in one
proof program.

16 Limitations and Scope

Reconfiguration and delegation claims require the
premises of Assumption Block 4.1: typed global
and local states, reconfiguration witnesses satisfy-
ing WFρ, enabled post-reconfiguration steps, and
compatibility side conditions for unaffected edges.

Envelope exactness requires the premises of
Assumption Block 9.1, including trace well-
formedness, certified-step obligations, and the real-
izability witness schema. VM adherence requires
the premises of Assumption Block 11.1, including
envelope-related VM and reference states, trace-
consistency obligations, and profile-extraction rules
for capability reports.

Crash-stop and Byzantine safety claims are
scoped to their explicit fault-model bundles. Byzan-
tine liveness beyond the stated timing and fairness
assumptions is out of scope.

Higher-order results depend on channel-payload
semantics. First-order collapse is a projection result
and does not replace higher-order proofs.

Quantitative constants and base decidability
primitives are reused assumptions from earlier re-
sults in the series rather than re-derived in this
paper.

Excluded protocol classes in this paper include
non-admitted envelope extensions, non-checkable
non-interference witnesses outside finite-witness en-
codings, and Byzantine liveness claims beyond the
declared timing and fairness regimes.

Operational failure mode. If reconfiguration
well-formedness or envelope admission obliga-
tions fail, the runtime gate should reject the
requested link, delegation, or mode transition.
If execution proceeds outside admitted envelope
premises, the model no longer guarantees safety-
visible equivalence, and strict counterexample
families from the boundary theorems become
reachable. Concrete diagnostic. Expected run-
time output is an admission failure citing the
first failing TransitionWF guard (Table 3.1), or

failed EnvelopeOK/HasProfileCapabilitieschecks at
the theorem-pack gate.

17 Target Application: Unified
Distributed Protocol Stacks

The target application is a unified typed protocol
stack where networking, coordination, and state
evolution are expressed in one choreographic VM
framework. The stack uses proof-carrying confor-
mance so capability claims are tied to theorem-pack
evidence. This removes informal trust boundaries
between layers. It also makes admission failures
diagnosable as missing assumptions or missing evi-
dence.

In this setting, typed mode transitions and decid-
able guard obligations become first-class runtime
checks. Delegation supports typed handoff and
failover without leaving the theorem scope. Compo-
sition theorems provide interoperability guarantees
across linked subsystems. Upgrade choreography
supports no-downtime migration with typed phase
boundaries.

Concrete scenario (running example). Start from
C0

ρlink−−→ C1
ρdel−−→ C2

ρtr−→ C3. If a primary coor-
dinator fails after linking, delegation from C to
backup C ′ is justified by Theorem 6.1 and Corol-
lary 6.2, preserving delegation safety obligations.
The coordinated-mode transition ρtr is admitted
only when the typed guards in Table 3.1 discharge
TransitionWF(C2, ρtr), after which Theorem 11.1
and Proposition 11.2 justify runtime adherence/ca-
pability reporting for the upgraded mode.

The engineering consequence is a single seman-
tic contract across protocol lifecycle operations.
Design-time proofs, deployment-time profile checks,
and runtime adherence checks are aligned to the
same assumption blocks. This alignment is the
main practical payoff of the A through H theorem
stack.

Implementation pointer. Reconfiguration
and envelope interfaces are implemented
in Runtime/Adequacy/EnvelopeCore/*.lean;
theorem-pack capability surfaces are exported from
Runtime/Proofs/TheoremPack/API.lean; and
VM admission and adherence checks are consumed
by runtime gates in the rust/vm layer.
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18 Conclusion

This paper completes the paper-series theorem arc
by proving that reconfiguration can be first-class
without sacrificing compositional safety. Harmony
supplies commutation, Coherence supplies minimal
invariant structure, envelope theorems supply ex-
act behavioral boundaries, and adequacy supplies
runtime adherence.

Open item: Byzantine liveness under weaker
timing assumptions remains future work beyond
this paper’s exact safety characterization.
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Appendix

A Assumption Regimes and
Dependency Shape

This appendix records regime decomposition and
theorem dependencies.

A.1 Regime Classes

Define four premise classes.
1. Rstruct: reconfiguration well-formedness + co-

herence transport assumptions.

2. Rquant: Rstruct plus scheduler/budget assump-
tions for quantitative statements.

3. Renv: envelope admissibility + admission/ad-
herence assumptions.

4. Rbyz: Byzantine assumption bundle layered on
Renv.
Write Prem(R) for the premise set of regime R,

and define regime order by

R ⪯ R′ : ⇐⇒ Prem(R) ⊆ Prem(R′). (A.1)

A.2 Dependency Graph

Theorem B
Harmony

Theorems A,C
Erasure,

Delegation

Theorem D
Relative

Minimality
Theorem E

Conservation

Theorem F
Determinism

Envelope

Theorem G
Exchange

Normalization

Theorem H
Observational

Adequacy

Theorem BZ
Byzantine

Safety

Corollary S1
Principal
Capability

Figure A.1: Theorem dependency graph

Proposition A.1. Regime Monotonicity.
If a theorem requires regime R, then any stronger
regime R′ with R ⪯ R′ preserves theorem validity.

Proof sketch. Assume R ⪯ R′, so Prem(R) ⊆
Prem(R′) by definition. Any derivation under R
uses only premises from Prem(R), hence all of its
premises are available under R′. Therefore theorem
validity is monotone along the regime order.

A.3 Consequence of the Dependency Graph

Structural theorems (A–D) are insensitive to quan-
titative profile constants; quantitative and en-
velope/byzantine claims are regime-indexed exactly
as declared in main text assumption blocks.

B Deferred Transport Schemas

Transport results in Section 13 factor into struc-
tural and analytic layers.

B.1 Generic Transport Rule

Theorem B.1. Transport by Premise
Separation.
If structural premises of Theorems 4.1, 5.1, 6.1,
7.1, 8.1, 9.1, 10.1, and 11.1 hold and analytic
package AT holds for target claim T , then T
follows without strengthening structural premises.

Proof sketch. Proof mode: interface composition.
Map the structural side of Theorems 4.1, 5.1, 6.1,
7.1, 8.1, 9.1, 10.1, and 11.1 into the interface re-
quired by AT and obtain intermediate judgment
IfaceReadyT . Apply the analytic theorem under
IfaceReadyT to derive claim T in interface form,
then transport it back to protocol form through
the same map. No additional structural premise is
introduced.

B.2 Interface Discipline

Transport statements must expose only:
1. structural interface obligations (coherence/har-

mony/envelope/adherence),

2. analytic assumptions external to this
manuscript,

3. resulting transported consequence.
This prevents hidden strengthening of either side.

B.3 Representative Schemas

1. Tail-bound transport schema:

StructB..H ∧ ConcentrationPkg(θ) =⇒
∀t ≥ 0, Pr[X − EX ≥ t] ≤ Ψtail(t; θ).

(B.1)
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2. Mixing/convergence transport schema:

StructB..H ∧ MixPkg(η) =⇒
∀n ≥ 0, ∥µn − µ∗∥TV ≤ Ψmix(n; η).

(B.2)

3. Compositional exactness transport schema:

StructB..H ∧ NonInterference =⇒
EnvelopeExact(C1) ∧ EnvelopeExact(C2) ⇒

EnvelopeExact(C1 ⊗ C2).
(B.3)

4. Byzantine adherence transport schema:

StructB..H ∧ ABlockD
∧ WitnessPkg
=⇒

VMByzAdheres
∧ EqsafeConformance.

(B.4)

C Deferred Consequence Statements

C.1 Reconfiguration and Minimality

Proposition C.1.
Under Assumption Block 4.1, Harmony
(Theorem 4.1) and Relative Minimality
(Theorem 7.1) imply that any admissible
safe-reconfiguration invariant implies Coherent
and therefore factors through the same canonical
safety core.

Proof sketch. Theorem 7.1 shows that every ad-
missible invariant factors through Coherent. Theo-
rem 4.1 then gives commutation of reconfiguration
steps over that common core. Chaining these two
implications yields the proposition.

C.2 Envelope and Determinism Boundary

Proposition C.2.
Under Assumption Block 9.1, Theorem 9.1 and
Theorem 10.1 jointly characterize determinism
modulo exchange/spatial normalization and
identify strict boundary witnesses for inadmissible
envelope extensions.

Proof sketch. Apply Theorem 9.1 to obtain exact
envelope characterization via soundness, realizabil-
ity, and maximality. Apply Theorem 10.1 to iden-
tify the normalized observational equalities that

hold inside that exact envelope. Combining both
gives the claimed determinism boundary state-
ment.

C.3 Runtime Adequacy and Admission

Proposition C.3.
Under Assumption Block 11.1, Theorem 11.1 plus
Corollary 11.3 yields principal-capability admission
completeness with explicit rejection diagnostics
when premise evidence is missing.

Proof sketch. Theorem 11.1 yields adequacy and
adherence under Assumption Block 11.1. Corol-
lary 11.3 then refines this with principal-capability
inference and admission completeness. Together
they imply the proposition.

C.4 Byzantine Scope Boundary

Proposition C.4.
Under Assumption Block 11.2, Theorem 11.5 and
Corollary 11.6 establish exact safety
characterization and converse counterexample
packaging, but do not establish Byzantine liveness
outside declared timing/fairness assumptions.

Proof sketch. Theorem 11.5 and Corollary 11.6 pro-
vide exact Byzantine safety characterization and
converse counterexample packaging under Assump-
tion Block 11.2. Section 16 explicitly restricts scope
away from weaker timing and fairness assump-
tions required for Byzantine liveness. Therefore
the claimed boundary follows directly.

D Reproducibility

Reproduction workflow and expected out-
puts are documented in ARTIFACT.md. The
one-command supplement check is just
artifact-check. Pinned-commit, DOI,
and Lean-statistics rows are synchronized
via bash scripts/paper_repro_rows.sh
–sync papers/paper1.tex papers/paper2.tex
papers/paper3.tex. Artifact semantics note.
The Lean artifact exposes an explicit trace-level
strong fairness predicate (StrongFairEnv) refining
weak fairness, and the default in-memory runtime
transport implements minimal per-edge FIFO
enqueue/dequeue behavior.
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Artifact Field Value

Repository https:
//github.com/hxrts/telltale

Pinned commit ccddc8ea843684c4
d2d018f673c4861d0664e008

Archival DOI DOI-UNSET
Lean source
statistics

1303 files, 206913 LOC, axioms: 0,
unresolved proof holes (sorry): 0

Table D.1: Artifact identity and verification statistics
for this draft snapshot.

1. Run just artifact-check. This runs re-
producibility row checks, just escape, just
verify-protocols, paper builds, and manifest
generation.

2. Before camera-ready submission, set DOI
in papers/artifact_metadata.env and run
just paper-repro-check-strict.
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E Anchor Index

Table E.1 maps paper claims to their Lean anchors and source files. Anchors marked with —
are infrastructure lemmas used in proofs but not tied to a single claim. Claim entries include
assumption-block tags in square brackets. Assumption-tag legend for claim cells: [A1] = Assump-
tion Block 4.1, [A2] = Assumption Block 9.1, [A3] = Assumption Block 11.1, [A4] = Assumption
Block 11.2. Functional categories in the table are: Theorems and Runtime Gates. Reading guide for
long names: exchange_normalization_of_e1_bridge_premises packages the exchange-normalization
bridge used in Theorem 10.1; consensus_envelope_exact_of_profile lifts envelope exactness to
profile-indexed distributed settings; and topology_change_preserves_vmc_equiv_via_effect_bisim
gives the topology-change preservation law at the VM observational quotient. Nickname note.
For scanning, read exchange_normalization_of_e1_bridge_premises as “ENorm-bridge” and
topology_change_preserves_vmc_equiv_via_effect_bisim as “Topo-VMC-preservation.” Long an-
chors generally follow object_claim_via_bridge naming.
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Anchor Path (relative to lean/) Sec. Claims
Theorems

link_harmony_through_link Protocol/Deployment/LinkingTheorems.lean §4 Thm. 4.1 [A1]
link_preserves_coherent Protocol/Deployment/LinkingCore.lean §4 Thm. 4.1 [A1]
effect_bisim_congr_link Runtime/Proofs/EffectBisim/Congruence.lean §4 —
config_equiv_iff_
effect_bisim_silent

Runtime/Proofs/EffectBisim/
ConfigEquivBridge.lean

§4 —

coherent_erasure_stable Protocol/Coherence/
ErasureCharacterization.lean

§5 Thm. 5.1 [A1]

safe_delegation_local_necessity Protocol/Coherence/
ErasureCharacterization.lean

§6 —

safe_delegation_to_footprint Protocol/Coherence/
ErasureCharacterization.lean

§6 —

footprint_to_safe_delegation Protocol/Coherence/
ErasureCharacterization.lean

§6 Cor. 6.2 [A1]

safe_delegation_iff_footprint Protocol/Coherence/
ErasureCharacterization.lean

§6 Cor. 6.2 [A1]

relative_minimality Protocol/Coherence/
ErasureCharacterization.lean

§7 Thm. 7.1 [A1]

flagship_composed_
system_conservation

Protocol/Deployment/LinkingTheorems.lean §8 Thm. 8.1 [A1]

lyapunov_conserved_under_balanced_
delegation

Runtime/Proofs/Lyapunov.lean §8 —

consensus_envelope_exact_of_profile Runtime/Proofs/Adapters/Distributed/
EnvelopeTheorems.lean

§9 Thm. 9.1, Cors. 9.2–9.4
[A2]

failure_envelope_
maximality_of_profile

Runtime/Proofs/Adapters/Distributed/
EnvelopeTheorems.lean

§9 —

exchange_normalization_
of_e1_bridge_premises

Runtime/Adequacy/EnvelopeCore/
ReconfigurationBridge.lean

§10 Thm. 10.1 [A2]

spatial_subtyping_
monotonicity_of_e1_bridge_premises

Runtime/Adequacy/EnvelopeCore/
ReconfigurationBridge.lean

§10 Thm. 10.1 [A2]

vm_adequacy_of_trace_consistency Runtime/Adequacy/Adequacy.lean §11 Thm. 11.1 [A3]
protocol_outcome_effect_bisim_of_
observational_eq

Runtime/Proofs/HandlerEquivalence.lean §11 —

compile_refines_observational_eq_
of_effect_bisim

Runtime/Adequacy/
CompileRefinesEffectBisim.lean

§11 —

vm_view_effect_bisim_of_vmc_equiv Runtime/Proofs/
ObserverProjectionEffectBisim.lean

§11 —

vm_c_equiv_of_vm_view_effect_bisim Runtime/Proofs/
ObserverProjectionEffectBisim.lean

§11 —

topology_change_
preserves_vmc_equiv_
via_effect_bisim

Runtime/Proofs/
ObserverProjectionEffectBisim.lean

§11 —

byzantine_safety_exact_of_profile Runtime/Proofs/Adapters/Distributed/
EnvelopeTheorems.lean

§11 Thm. 11.5, Cor. 11.6 [A4]

Runtime Gates
canOperateUnderByzantineEnvelope Runtime/Proofs/TheoremPack/API.lean §11 Prop. 11.2, Cor. 11.3,

Prop. 11.7 [A3, A4]

Table E.1: Anchor index.
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