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Abstract

UMD proposes a single operational dictionary in which open quantum dynamics
(CPTP/GKSL), information geometry (monotone metrics), entanglement-response ideas,
and renormalization-group (RG) intuition are expressed in terms of the state p, modular

generators K = —logp and K

plo» and a shared panel of measurable diagnostics. The aim

is not a universal “TOE claim” but a domain-aware bridge framework: each emergence
statement is paired with stability criteria, explicit failure domains, and reproducibility disci-
pline (protocol + manifest + aggregates). This paper defines the common master equation
interface, the unified measurement panel, and the rules for domain statements, stability
gating, and failure-domain reporting.
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1 Introduction and scientific aim

1.1 Motivation: why a “single language” is needed

Contemporary theoretical physics employs several powerful but conceptually heterogeneous
languages: (i) open quantum systems (OQS) with CPTP maps and GKSL generators; (ii)
information geometry (IG) with monotone metrics on state manifolds; (iii) entanglement-response
heuristics built from reduced states, entropy variations, and modular Hamiltonians; and (iv)
renormalization group (RG) intuition via coarse-graining, flows, fixed points, and criticality. Each
language is successful in its domain, yet foundational attempts often proceed by postulating
additional primitives (spacetime, fields, RG scale) and fitting dynamics around them. UMD
reverses this order: it treats the quantum state itself as the primitive and asks whether geometry,
field-like excitations, and RG-type behavior can be expressed as stable, operationally testable
regimes of state evolution.

1.2 UMD bridge claim (domain-aware)

This paper does not claim a completed “Theory of Everything.” It proposes a bridge-language: a
single operational dictionary in which OQS, IG, entanglement-response, and RG intuition are
expressed in terms of p, modular generators, and a shared panel of diagnostics. Every “emergence’
statement is constrained by: (i) stability gating (interpret only in stable regimes), (ii) explicit
failure domains (where diagnostics break), and (iii) reproducibility discipline (protocol -+
manifest + aggregates).

)

1.3 Why the density operator p is the correct primitive

A normalized probability structure has a canonical diagonal representation. A foundational
language must be representation-invariant and compositional under coarse-graining and partial
access. The density operator p is the minimal object that (i) represents normalized probabilistic
structure, (ii) is basis-invariant, (iii) supports partial tracing/reduced descriptions, (iv) admits
canonical distinguishability functionals S(p) and D(p||c), and (v) generates a modular structure

K = —log p on supp(p).
1.4 Program-level deliverables

The bridge-language delivers: (D1) a single master equation interface; (D2) a unified measurement
panel (distinguishability, spectral quantiles, commutators, locality /criticality, geometry stability);
(D3) a conservative interpretation layer (Level-2 compatibility only); and (D4) explicit domain
statements with failure-domain reporting.

2 Bridge foundations: four interfaces + a single master equation

2.1 Common primitives and notation

Let p = p(\) be a density operator on H with p > 0 and Trp = 1. Define
S(p) = ~Tr(plogp),  D(pllo) = Tr(p(log p —loga)),
and the modular generator (on supp(p)):
K = —logp.
A key refinement for coherent dynamics is the relative modular generator:

K, , = —logp+loga,



where o is a reference state tied to an access/phase context (MaxEnt under declared constraints).
Within a stable regime, o is treated as fixed; updates are associated with regime change.

2.2 Interface I: Open quantum systems (OQS)

OQS requires evolution to be CPTP. Markovian generators have GKSL form. UMD adopts
CPTP/GKSL as a structural constraint: any RG-proxy evolution must be CPTP, hence expressible
as a commutator (coherent) part plus GKSL dissipation.

2.3 Interface II: Information geometry (IG)

IG studies state manifolds {p(6)} and monotone metrics. The bridge-language identifies canonical
geometric inputs as D(pl||o) and its first/second variations (gradients/metrics), always respecting
monotonicity under CPTP maps.

2.4 Interface III: Entanglement-response (conservative)

UMD uses entanglement-inspired relations only as controlled response statements: reduced states
p4 admit modular generators K4 = —log pa and variations of entropy/distinguishability yield
operational response proxies. This paper does not identify these directly with Einstein dynamics;
stronger identifications require additional hypotheses and calibration.

2.5 Interface IV: RG as spectral redistribution

Define eigenvalue coordinates k; = —log A; and quantile coordinates k(q) = —log A¢(p). RG-like
drift is read from
_ dk(g)

By(A) = D

The commutator part is isospectral; spectral drift is sourced by dissipative CPTP terms.

2.6 Unified master equation (bridge interface)

The common interface is:

d , 1
ﬁ = —i K0, 0] + Y _Ya(N) (LapLL - §{LLLQ, p}) (Va = 0).

OQS reads this as CPTP evolution; IG reads D(p||o) and monotone metrics along the flow;
entanglement-response reads reduced modular structures; RG reads spectral drift of k(q) induced
by dissipation.

2.7 Two structural lemmas (recorded for later use)

Lemma (isospectrality). If p = —i[H, p] with H = HT, the spectrum of p is invariant in \.

Lemma (drift source). In the unified equation, nontrivial drift of eigenvalues/quantiles arises
from the GKSL term.

3 Unified measurement panel (the shared observable layer)

3.1 Distinguishability functionals

The panel begins with S(p) and D(p||o), reported as time series and parameter maps. In
regimes where o is fixed and dissipation is compatible with that reference, D(p||o) can serve as a
Lyapunov-like monitor.



3.2 Spectral/RG observables: quantiles, shape, drift

Define quantile spectral coordinates on a fixed grid,
q € {0.50,0.60,0.70, 0.80,0.90,0.95,0.98}, k(q) = —log A¢(p),
and derived shape features:
Agk = k(gi+1) — k(gi), A2k = k(qiv2) — 2k(qiv1) + k(a),

with a compact curvature norm Keyry,72 = <(A2k)2>1/ 2. RG-like drift is read from 8, = dk(q)/d\.

3.3 Modular commutator observables and running exponents

For an observable O (with near/far swaps for robustness), define the normalized commutator

amplitude:

T H[K’C]HF
L(p;0) = -—i—r—, K = —log p,
( ) HKHP HOHP

and record the spectral identity

2 2 2
K, OV E = (ki — kj)* |04,
2
Running exponents v are extracted via preregistered sliding log-log fits, with fit-quality maps R?
reported and gates applied (Section 4).

3.4 Locality and partition markers

Locality is defined operationally by the distinguishability gap relative to an optimal partition P*:

® o)

XePpPx

Tp<(p) = D (p

and criticality is monitored by partition instability markers (SwitchRate) and landscape flatness
A®. Regime labels are reported as stable-local (L), critical (C), or nonlocal (N), with proxy
labels explicitly tagged as placeholders if full optimization is not performed.

3.5 Geometry-from-correlations layer

Construct an MI graph on visible degrees of freedom using pairwise mutual informations I(i : j),
define weights w;; = (I;; + €)7"9, and shortest-path distances d,(i, j). Summaries include dyy
(mean nearest-neighbor distance) and dyeq (median distance). Geometry is interpreted only
under stability gating: a minimal stability proxy is Sgeo = Stdgsceds(dnn)-

3.6 Optional backreaction and vacuum proxies (reserved)

Backreaction residuals R}, and vacuum proxies Aqg are included only with explicit normalization
choices (Veg, cp) and stability tests; they are proxies and must not be identified directly with
cosmological parameters without additional modeling and calibration.



4 Domains, stability gating, and failure-domain reporting

4.1 Domain layers

(DO0) structural domain: p is a density operator, modular objects exist on supp(p), evolution is
CPTP/GKSL.

(D1) protocol domain: diagnostic protocol is specified (quantile grid, observables, windows,
tolerances) and the panel is computable.

(D2) interpretability domain: emergence statements are permitted only when stability gates pass.

4.2 Stability gates

Fit-quality gate: report/interpret v only when R? > R2. (preregistered).

Seed /uncertainty gate: interpret only when uncertainty is small relative to effect size (prereg-
istered criterion).

Partition stability gate: interpret locality only when P* is stable and Tp+ is small.
Geometry stability gate: interpret geometry only when Sge, and protocol sensitivity are
small.

4.3 Failure domains

Failures are classified as (F1) numerical /protocol failure; (F2) stability/interpretability failure
(critical windows); and (F3) model-law failure (closure breaks out-of-domain, e.g. random-pure
ensembles). Failure domains are reported as first-class outputs.

4.4 Preregistration and reproducibility packs

Protocols (quantile grid, observables, windows, thresholds) are preregistered; results are shipped
as repro-packs: raw data, aggregates, manifest, figures with gates, and a domain statement
including failure domains.

5 Reference experiment (a minimal reproducible design)

5.1 Purpose

The reference experiment instantiates the bridge-language in a controlled domain to validate
instrumentation, cross-layer coherence, and failure-domain reporting.

5.2 Baseline domain (example)

Dimension dim = 64 with a visible/hidden split (Nyis, Nnia) = (5,1); mixed/Gibbs-like family
with p € [0.01,0.20] (step Ap = 0.01); dephasing axis k € [0,0.20] (step Ax = 0.02); fixed seeds
with bootstrap uncertainty. The panel uses the preregistered spectral grid and commutator
protocol, plus MI-geometry and stability scoring.

5.3 Deliverables

A complete run outputs raw per-seed tables, aggregated maps (means/std/CI), fit-quality maps
R?, at least two summary plots (curvature/critical overlay and geometry stability), a manifest,
and explicit domain + failure-domain statements.



5.4 Stress domain (template)

Repeat the protocol on an out-of-domain family (e.g. extreme random-pure ensembles). Degra-
dation of closure or stability is recorded as a domain boundary rather than tuned away.

6 Minimal theorem //proposition blocks

6.1 Relative entropy nonnegativity

For supp(p) C supp(o), D(p|lo) > 0 (Klein inequality), with equality iff p = o on the support.

6.2 Isospectrality of commutator evolution

If p = —i[H, p] with H = HT, then p(\) = U(M\)p(0)U(N)T and the spectrum is invariant.

6.3 GKSL implies CPTP

A GKSL generator with v, > 0 yields a CPTP dynamical semigroup; this underwrites the master
equation as an OQS-compatible interface.

6.4 Existence of an optimal partition under finite search

If the candidate partition set P is finite and J,(P; p) is real-valued, then an optimizer P* =
arg minpep Jy,(P; p) exists.

6.5 Operational locality certificate

If Tp«(p) = D(pH Rxecpr pX) < g, then p is close (in distinguishability) to the block-product
description; locality is an operational certificate, not an assumption.

7 Limitations and failure domains (strict)

7.1 Structural limitations

The framework is state-primitive; CPTP/GKSL is required; coherent dynamics depends on a
reference o tied to access/phase context.

7.2 Interpretability limitations

Locality requires stable P* and small 7Tp«; geometry requires stability Sgeo and low protocol sen-
sitivity; entanglement-response is proxy-level (no direct Einstein identification without additional
hypotheses).

7.3 Failure domains

(F1) numerical /protocol failures (ill-conditioned — log p, fit failures); (F2) instability (critical
windows, nonunique geometry); (F3) model-law failure (closure breaks out-of-domain, e.g. random-
pure families). Failures are reported, not tuned away.

7.4 Scope disclaimer

Only Level-2 compatibility statements are made here; stronger claims are deferred to specialized
follow-ups with explicit extra assumptions and calibration.



8 Conclusion

8.1 Scientific value

UMD provides a single operational bridge-language connecting OQS, information geometry,
entanglement-response heuristics, and RG intuition through p, modular generators, and a unified
diagnostic dashboard. Emergent structure is converted into measurable, falsifiable, domain-aware
statements with explicit stability gates and failure domains.

8.2 Degree of development (depth)

The paper delivers: (i) a CPTP/GKSL master equation interface; (ii) a complete measurement
panel (distinguishability, spectral quantiles, commutators, locality /criticality, MI-geometry sta-
bility); and (iii) reproducibility discipline (protocol + manifest + aggregates) as a required
output.

8.3 Applied value and future directions

Applied value: automated regime mapping across parameter sweeps (L/C/N), early geometry-
stability screening, spectral RG proxies, and controlled diagnostics for dark-sector/vacuum
proxies under normalization discipline. Immediate directions: replace proxy labels with full
partition-based labels, complete preregistered closure modeling with explicit failure domains,
extend robustness across additional noise axes and larger sizes, and publish focused modules on
locality /geometry, gauge patching/holonomy, and normalized vacuum proxies.
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