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Abstract

We propose a reconstruction of physical theory based on the principle of distinguishability,
formulated within the framework of Universal Modular Dynamics (UMD). Instead of assuming
spacetime, fields, or dynamical laws as fundamental, we begin with a minimal relational structure
defined by distinguishable proto-states.

We show that consistency requirements on distinguishability lead naturally to a probabilistic
structure, whose basis-invariant representation is given by the density operator ρ. The associated
modular generator K = − log ρ encodes the intrinsic organization of the system, while its spectral
distribution provides a complete description of informational structure.

Within this framework, dynamics is reinterpreted as a flow in the space of states, and the
renormalization group is identified with spectral evolution of ρ. Phase structure emerges from the
behavior of optimal partitions, leading to an operational notion of criticality defined by landscape
flatness and switching rates.

We demonstrate that geometry, gauge structure, and gravitational behavior arise as emergent
phenomena associated with specific dynamical regimes. In particular, gauge symmetry is inter-
preted as access-relative redundancy, and spacetime structure appears as an effective description
of underlying spectral organization.

The framework is supported by a computational program that introduces operational diagnos-
tics, including spectral observables, modular commutators, and phase classification criteria. These
tools allow for numerical exploration and identification of domains of validity.

The results suggest that a unified description of physical reality can be constructed from a
minimal informational ontology, in which all structures arise from intrinsic properties of the density
operator and its modular dynamics.

Contents

1 Introduction 5

2 Ontology of Distinguishability 6
2.1 Distinguishability as the Primary Ontological Concept . . . . . . . . . . . . . . . . . . 6
2.2 From Distinguishability to Information . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Emergence of Probability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Why the Density Operator is Inevitable . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.5 Spectral Representation and Information Content . . . . . . . . . . . . . . . . . . . . . 7
2.6 Transition to Modular Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.7 Conceptual Interpretation of K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.8 Summary of the Ontological Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Modular Dynamics 8
3.1 From Static Information to Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.2 Degeneracy of the Naive Modular Flow . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.3 Relative Modular Operator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.4 Full Dynamical Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.5 GKSL Dissipator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.6 Structure of the Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.7 Arrow of Informational Ordering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1



3.8 Physical Interpretation of σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.9 Stationary States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.10 Interpretation of Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.11 Conceptual Shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.12 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

4 Renormalization as Spectral Flow 11
4.1 Reinterpreting the Renormalization Group . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.2 Spectral Representation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.3 Quantile Representation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.4 Spectral Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.5 Connection to Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.6 Isospectrality of the Coherent Part . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.7 Spectral Drift from Dissipation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.8 Physical Meaning of RG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.9 Fixed Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.10 Connection to Observables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.11 Emergence of Scaling Laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.12 Conceptual Shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.13 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

5 Phase Structure and Criticality 14
5.1 From Dynamics to Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
5.2 Definition of a Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
5.3 Partition Functional . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
5.4 Optimal Partition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.5 Locality as a Derived Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.6 Landscape Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.7 New Definition of Criticality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.8 Why This Replaces Correlation Length . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.9 Geometric Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.10 Phases of the System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.11 Physical Consequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.12 Connection to RG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5.13 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

6 Emergent Geometry and Gravity 17
6.1 From Phase Structure to Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.2 Mutual Information as a Geometric Building Block . . . . . . . . . . . . . . . . . . . . 17
6.3 Graph Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.4 Conditions for Geometric Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.5 Breakdown of Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.6 Information Metric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.7 Entropy and Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.8 First Law of Entanglement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.9 Connection to Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.10 Conceptual Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.11 Role of the Reference State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
6.12 Cosmological Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
6.13 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2



7 Gauge Structure and Modular Defects 19
7.1 From Geometry to Gauge Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
7.2 Access Algebra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
7.3 Pointer Algebra (Center) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
7.4 Access Equivalence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
7.5 Gauge Transformations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
7.6 Modular Defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
7.7 Operational Indicators of Defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
7.8 Patching Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7.9 Transition Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7.10 Groupoid Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7.11 Holonomy Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7.12 Physical Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7.13 Connection to Standard Gauge Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
7.14 Dark Sector Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
7.15 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

8 Strong Portability of Modular Diagnostics 22
8.1 Motivation: Toward a Unified Language . . . . . . . . . . . . . . . . . . . . . . . . . . 22
8.2 Definition of Strong Portability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
8.3 Unified Measurement Panel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
8.4 SP Block: Spectral Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
8.5 MC Block: Modular Commutator Diagnostics . . . . . . . . . . . . . . . . . . . . . . . 23
8.6 LP Block: Locality and Criticality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
8.7 GS Block: Geometry and Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
8.8 BR Block: Backreaction (Optional) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
8.9 Universal Gates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
8.10 Validation Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
8.11 Four-Domain Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
8.12 Portability Scorecard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
8.13 Interpretation for Students . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
8.14 Mechanistic Invariants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
8.15 Failure Domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
8.16 Conceptual Meaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
8.17 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

9 Universal TOE Equation 26
9.1 From Modular Dynamics to a Unified Equation . . . . . . . . . . . . . . . . . . . . . . 26
9.2 Phase-Dependent Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
9.3 Universal Dynamical Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
9.4 Components of the Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
9.5 Interpretation of the Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
9.6 Spectral Encoding of Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
9.7 Fixed Points and Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
9.8 Phase Transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
9.9 Relation to Known Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
9.10 Conceptual Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

10 Numerical Program and Empirical Validation 28
10.1 Role of Computation in UMD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
10.2 Core Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
10.3 State Families . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
10.4 Observable Set . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
10.5 Step H: Spectral–Observable Relation . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3



10.6 Extraction of the Running Exponent . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
10.7 Step M: Spectral Flow Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
10.8 Cross-Domain Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
10.9 Bootstrap Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
10.10Criticality Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
10.11Near vs Far Observables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
10.12Spectral Energy Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
10.13Correlation with Spectral Scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
10.14Failure Domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
10.15Computational Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
10.16Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Conclusion 31

References 34

4



1 Introduction

Modern theoretical physics is constructed upon two highly successful yet conceptually distinct frame-
works: quantum theory and spacetime geometry. Quantum theory provides a probabilistic description
of microscopic systems in terms of Hilbert spaces and operators, while general relativity describes grav-
itation as curvature of a differentiable spacetime manifold.

Despite their empirical success, both frameworks rely on foundational structures that are not
derived within the theory itself. In quantum theory, the Hilbert space, operator algebra, and Born
rule are postulated. In general relativity, the existence of a smooth manifold and metric tensor is
assumed. This raises a fundamental question:

What is the minimal ontological structure from which physics can be derived?

The present work proposes a shift in perspective. Instead of taking objects, fields, or spacetime as
primary, we begin from the notion of distinguishability. The central hypothesis is that physical reality
is fundamentally a structure of distinguishable states.

This leads to a reconstruction program based on the following sequence:

1. Distinguishability ⇒ probability structure

2. Probability ⇒ density operator ρ

3. Density operator ⇒ modular generator K = − log ρ

4. Modular generator ⇒ dynamics in state space

5. Dynamics ⇒ phase structure

6. Phase structure ⇒ geometry and gravity

Within this framework, spacetime, fields, and interactions are not fundamental entities, but emer-
gent structures associated with specific dynamical regimes.

A key feature of the theory is that it is not purely conceptual. It is supported by a computational
program that provides operational diagnostics, including spectral observables, modular commutators,
and phase classification criteria. These tools allow the theory to be tested numerically and to define
explicit domains of validity.

Another central element is the reinterpretation of the renormalization group. Instead of viewing
RG as a transformation acting on Lagrangians, we interpret it as a flow in the space of states:

Renormalization group flow = spectral evolution of ρ

This provides a direct bridge between quantum information, statistical mechanics, and field theory.
Furthermore, the theory introduces a new notion of criticality. Instead of being defined through

correlation length divergence, criticality is characterized by two operational quantities:

(∆ → 0) ∧ (Γ > 0)

where ∆ is landscape flatness and Γ is the switching rate of optimal partitions.
Finally, the framework incorporates a domain-aware notion of gauge structure. Gauge symmetry

is not postulated but emerges as an access-relative redundancy determined by the accessible algebra
of observables.

The goal of this monograph is to present a complete reconstruction of physics based on these
principles. The exposition is designed to be both rigorous and pedagogical, making the logical structure
transparent.
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2 Ontology of Distinguishability

2.1 Distinguishability as the Primary Ontological Concept

The central departure point of this framework is a shift from object-based ontology to relational
ontology. Instead of assuming the existence of physical objects or fields, we begin with the notion of
distinguishability.

A distinguishability structure is a function

∆ : S × S → R≥0

such that
∆(x, x) = 0, ∆(x, y) = ∆(y, x)

Here, S denotes a set of admissible proto-states. The function ∆ quantifies how distinguishable
two states are.

Interpretation. This definition replaces the traditional concept of an object with a relation.
Instead of asking “what exists,” we ask “what can be distinguished.” This reflects an operational
viewpoint: physical meaning is assigned only to differences that can, in principle, be detected.

2.2 From Distinguishability to Information

A key requirement is that distinguishability must be representable in a consistent and composable
way. In particular, if we consider composite systems, the distinguishability structure must satisfy
compatibility conditions.

This naturally leads to the introduction of information measures. Among all candidates, the most
fundamental ones are divergences such as:

D(ρ∥σ) = Tr(ρ(log ρ− log σ))

which quantify distinguishability between probabilistic states.
Key principle:

Distinguishability must be representable as an information measure

This requirement imposes strong constraints on admissible representations.

2.3 Emergence of Probability

To represent distinguishability quantitatively, we introduce probability assignments. However, classical
probability distributions are insufficient because they depend on a chosen basis.

To achieve basis invariance, we are led to operator-valued representations. This requirement
uniquely singles out the density operator formalism.

A density operator is a positive semidefinite operator ρ on a Hilbert space H such that

ρ ≥ 0, Tr(ρ) = 1

Interpretation. The density operator is not an additional assumption, but the minimal structure
required to encode distinguishability in a basis-independent manner.

2.4 Why the Density Operator is Inevitable

The emergence of ρ can be understood as a consequence of three requirements:

1. Linearity of expectation values

2. Positivity of probabilities

3. Basis invariance
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These conditions lead to a representation of states as positive operators.
Key insight:

Quantum states are not postulated—they are derived

This reverses the usual logical direction of quantum theory.

2.5 Spectral Representation and Information Content

Every density operator admits a spectral decomposition:

ρ =
∑
i

λi|ψi⟩⟨ψi|

where λi are eigenvalues satisfying λi > 0 and
∑

i λi = 1.
The eigenvalues encode the informational content of the state. In particular, the von Neumann

entropy is given by:

S(ρ) = −
∑
i

λi log λi

Interpretation. Entropy measures the uncertainty or indistinguishability inherent in the state.

2.6 Transition to Modular Structure

A crucial step is to transform multiplicative probabilities into additive quantities. This is achieved
through the logarithm:

K = − log ρ

The operator K is called the modular generator.
Why logarithm?

• converts products into sums

• linearizes information structure

• enables dynamical interpretation

2.7 Conceptual Interpretation of K

The operator K plays a central role in the theory. It can be interpreted as:

• generator of informational flow

• measure of distinguishability gradients

• effective Hamiltonian in information space

Key transition:

Information ⇒ ρ ⇒ K

This marks the transition from static structure to dynamics.
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2.8 Summary of the Ontological Layer

We summarize the logic of this section:

1. Distinguishability is primary

2. Distinguishability requires quantitative representation

3. This leads to probability

4. Basis invariance leads to density operators

5. Logarithmic transformation leads to modular generators

Distinguishability ⇒ ρ⇒ K

This chain forms the foundational layer of Universal Modular Dynamics.

3 Modular Dynamics

3.1 From Static Information to Dynamics

In the previous section, we established that the density operator ρ and its logarithm

K = − log ρ

arise naturally from the requirement of representing distinguishability.
The next step is to introduce dynamics. The central question is:

How does a state evolve in the space of distinguishability?

Unlike conventional approaches, we do not assume an external time parameter. Instead, we intro-
duce an ordering parameter λ that tracks the evolution of informational structure.

3.2 Degeneracy of the Naive Modular Flow

A natural candidate for dynamics is the commutator:

dρ

dλ
= −i[K, ρ]

However, since K = − log ρ is a function of ρ, it commutes with ρ:

[K, ρ] = 0

This implies that the naive modular flow is trivial.
Conclusion: A nontrivial dynamics requires an extension of the modular generator.

3.3 Relative Modular Operator

To resolve this degeneracy, we introduce a reference state σ and define:

Kρ|σ = − log ρ+ log σ

Interpretation:

• − log ρ encodes the current state

• log σ introduces a reference structure
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Now, in general:

[Kρ|σ, ρ] ̸= 0

which produces nontrivial dynamics.

3.4 Full Dynamical Equation

We define the evolution equation:

dρ

dλ
= −i[Kρ|σ, ρ] +D[ρ]

where D[ρ] is a dissipative term.

3.5 GKSL Dissipator

The dissipator is taken in the Gorini–Kossakowski–Sudarshan–Lindblad (GKSL) form:

D[ρ] =
∑
α

γα

(
LαρL

†
α − 1

2
{L†

αLα, ρ}
)
, γα ≥ 0

Properties:

• completely positive

• trace-preserving

• ensures physical consistency

3.6 Structure of the Evolution

The full equation consists of two parts:

dρ

dλ
= −i[Kρ|σ, ρ]︸ ︷︷ ︸

coherent part

+ D[ρ]︸︷︷︸
dissipative part

Interpretation:

• coherent term → internal informational flow

• dissipative term → entropy production

3.7 Arrow of Informational Ordering

A crucial property of GKSL evolution is monotonicity of relative entropy:

d

dλ
D(ρ(λ)∥σ) ≤ 0

This implies that the evolution is directed.
Interpretation:

The ordering parameter λ defines an informational arrow

This replaces the notion of time as a fundamental parameter.
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3.8 Physical Interpretation of σ

The reference state σ plays a key role.
It can be interpreted as:

• a phase reference

• a maximum entropy state under constraints

• an equilibrium configuration

Important:
σ is not arbitrary—it encodes macroscopic constraints.

3.9 Stationary States

Stationary states satisfy:

dρ

dλ
= 0

This leads to:

[Kρ|σ, ρ] = 0, D[ρ] = 0

Such states correspond to equilibrium configurations.

3.10 Interpretation of Dynamics

We summarize:

• dynamics occurs in state space, not spacetime

• evolution is driven by distinguishability

• ordering replaces time

• entropy defines direction

Dynamics = evolution of distinguishability structure

3.11 Conceptual Shift

This formulation implies a fundamental shift:

• no background spacetime

• no fundamental time

• no fundamental Hamiltonian

Instead:

• state ρ is primary

• generator K is derived

• dynamics follows from modular structure
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3.12 Summary

The full logical chain becomes:

Distinguishability ⇒ ρ⇒ Kρ|σ ⇒ Dynamics

This provides a complete, closed description of evolution.

4 Renormalization as Spectral Flow

4.1 Reinterpreting the Renormalization Group

In conventional physics, the renormalization group (RG) is formulated as a transformation acting on
parameters of a theory, such as coupling constants or effective Lagrangians. This formulation, while
powerful, is not fundamental: it depends on a prior choice of variables and theoretical representation.

Within the present framework, we adopt a different viewpoint.

Renormalization is a flow in the space of states

Instead of evolving parameters, we evolve the density operator ρ(λ).

4.2 Spectral Representation

Let ρ have the spectral decomposition:

ρ =
∑
i

λi|ψi⟩⟨ψi|

The eigenvalues λi encode the informational content of the system.
We introduce spectral coordinates:

ki = − log λi

Interpretation:

• λi represent probabilities

• ki represent information levels

4.3 Quantile Representation

To obtain robust observables, we define spectral quantiles:

k(q) = − log λq

where λq is the q-quantile of the spectrum.
Why quantiles?

• stable under perturbations

• insensitive to small fluctuations

• directly measurable in numerical experiments
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4.4 Spectral Flow

We define the spectral flow:

βq =
dk(q)

dλ

Interpretation:

• βq is the RG beta function

• it describes how information redistributes across scales

RG flow = evolution of spectral structure

4.5 Connection to Dynamics

Using the dynamical equation:

dρ

dλ
= −i[Kρ|σ, ρ] +D[ρ]

we analyze the evolution of eigenvalues.
Key observation:

• the commutator term preserves eigenvalues

• the dissipator changes eigenvalues

4.6 Isospectrality of the Coherent Part

The commutator term −i[Kρ|σ, ρ] is isospectral.
Sketch:
The commutator generates unitary evolution:

ρ(λ) = U(λ)ρ(0)U †(λ)

which preserves eigenvalues.

4.7 Spectral Drift from Dissipation

The dissipator induces spectral flow:

dλi
dλ

= ⟨ψi|D[ρ]|ψi⟩

This leads to:

βq = − 1

λq

dλq
dλ

Interpretation:

Dissipation = source of RG flow
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4.8 Physical Meaning of RG

We can now reinterpret RG:

• RG is not a transformation of theories

• RG is not a scaling of coordinates

• RG is a redistribution of information

Scale = information level

4.9 Fixed Points

A fixed point satisfies:

βq = 0

Interpretation:

• spectral distribution becomes stationary

• system reaches informational equilibrium

4.10 Connection to Observables

Define the observable:

bL =
∥[K,O]∥
∥K∥∥O∥

Empirically, we observe:

bL ∼ k(q)ν

where ν is a running exponent.
Interpretation:

• spectral structure controls observable scaling

• RG behavior becomes directly measurable

4.11 Emergence of Scaling Laws

The relation:

bL ∼ k(q)ν

defines a scaling law.
Important:

• no spacetime needed

• no field theory needed

• scaling emerges from information structure
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4.12 Conceptual Shift

We summarize the new picture:

• RG is intrinsic to state space

• scale is informational, not geometric

• dynamics of eigenvalues defines physics

Renormalization = spectral flow of distinguishability

4.13 Summary

The full chain is now:

ρ⇒ K ⇒ Dynamics ⇒ Spectral Flow (RG)

This provides a direct link between information theory and renormalization.

5 Phase Structure and Criticality

5.1 From Dynamics to Phases

Having established that dynamics is defined in the space of states, and that renormalization corre-
sponds to spectral flow, we now address the next fundamental question:

How do different physical regimes emerge from a single dynamics?

The answer lies in phase structure.
Instead of introducing separate theories for different regimes, we interpret all physical behavior as

different phases of the same underlying dynamics.

5.2 Definition of a Phase

A phase is defined as a triple:
F = (P ∗, AF , ZF )

where:

• P ∗ is the optimal partition,

• AF is the accessible algebra,

• ZF is the center (pointer algebra).

Interpretation:
A phase is not defined by symmetry breaking or order parameters, but by how information is

organized.

5.3 Partition Functional

To determine P ∗, we introduce the functional:

Jη(P ; ρ) = D(ρ∥ρP ) + ηΩ(P )

where:

• ρP =
⊗

X∈P ρX is the factorized state,
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• Ω(P ) penalizes complexity,

• η controls the balance between accuracy and simplicity.

Interpretation:

• first term → residual correlations

• second term → structural simplicity

5.4 Optimal Partition

P ∗ = argmin
P
Jη(P ; ρ)

Meaning:
The system organizes itself into minimally correlated subsystems.

5.5 Locality as a Derived Concept

Define the locality measure:

TP (ρ) = D(ρ∥ρP )
Interpretation:

• small TP → localized correlations

• large TP → nonlocal structure

Locality is not fundamental—it is emergent

5.6 Landscape Structure

Consider the landscape defined by Jη(P ; ρ).
We define:

• ∆ — gap between competing partitions

• Γ — switching rate between partitions

5.7 New Definition of Criticality

Criticality ≡ (∆ → 0) ∧ (Γ > 0)

Interpretation:

• ∆ → 0 → flat landscape

• Γ > 0 → active competition

5.8 Why This Replaces Correlation Length

Traditional criticality is defined via divergence of correlation length.
In this framework:

• no background space is assumed

• correlation length is not fundamental

Instead:

Criticality = instability of information structure

15



5.9 Geometric Interpretation

When a unique partition exists:

• geometry is stable

• distances are well-defined

When multiple partitions compete:

• geometry becomes unstable

• distances fluctuate

Criticality = instability of geometry

5.10 Phases of the System

We identify:

• localized phase (stable P ∗)

• critical phase (flat landscape)

• non-geometric phase (no stable partition)

5.11 Physical Consequences

This framework predicts:

• new type of phase transitions

• absence of sharp correlation length

• observable switching dynamics

5.12 Connection to RG

Criticality occurs at special points of spectral flow:

βq ≈ 0 and
d2k(q)

dλ2
̸= 0

Interpretation:
Critical regimes correspond to structural rearrangements in the spectrum.

5.13 Summary

We summarize the key result:

Phase structure replaces fundamental spacetime description

and

Criticality = flatness + switching

This provides a new universal definition of critical behavior.
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6 Emergent Geometry and Gravity

6.1 From Phase Structure to Geometry

In the previous section, we established that physical regimes are determined by the structure of optimal
partitions. We now address the next question:

When does a geometric description become possible?

The key idea is that geometry is not fundamental. It emerges only in regimes where correlations
exhibit stable localization.

6.2 Mutual Information as a Geometric Building Block

We consider the mutual information between subsystems:

Iρ(i : j) = S(ρi) + S(ρj)− S(ρij)

Interpretation:

• large Iρ(i : j) → strong correlation

• small Iρ(i : j) → weak correlation

We define an effective distance:

d(i, j) = − log Iρ(i : j)

Key idea:

Distance is derived from correlations

6.3 Graph Geometry

The system defines a weighted graph:

• nodes → subsystems

• edges → mutual information

Distances are computed via shortest paths:

dρ(i, j) = min
γ:i→j

∑
(k,l)∈γ

d(k, l)

Interpretation:
Geometry emerges as a property of the correlation network.

6.4 Conditions for Geometric Phase

Geometry is well-defined only when:

• P ∗ is stable

• Sgeo is small (low variability)

• correlations decay sufficiently smoothly

Geometry exists only in stable phases
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6.5 Breakdown of Geometry

When criticality occurs:

• multiple partitions compete

• distances become ambiguous

• geometry loses meaning

Criticality destroys geometry

6.6 Information Metric

In smooth regimes, we can define a continuous metric.
Let ρ(θ) be a parameterized family. Then:

gµν =
∂2

∂θµ∂θν
D(ρ(θ)∥ρ(θ0))

Interpretation:
The metric arises from distinguishability.

6.7 Entropy and Geometry

Entropy plays a central role:

S(ρ) = −Tr(ρ log ρ)

Changes in entropy encode geometric deformations.

6.8 First Law of Entanglement

For small perturbations:

δS = δ⟨K⟩

Interpretation:
Entropy variation equals modular energy variation.

6.9 Connection to Gravity

This relation leads to a profound result.
In geometric regimes, the condition

δS = δ⟨K⟩

implies effective gravitational dynamics.
Sketch:

• consider local subsystems

• identify K with modular Hamiltonian

• relate entropy variation to energy flux

This reproduces equations analogous to Einstein equations.

6.10 Conceptual Interpretation

Gravity is an entropic response of information structure
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6.11 Role of the Reference State

The reference state σ defines equilibrium.
Deviations from σ produce effective forces.

6.12 Cosmological Interpretation

In near-equilibrium regimes:

• entropy saturates

• effective constant terms appear

This can be interpreted as an emergent cosmological constant.

6.13 Summary

We summarize:

• geometry emerges from correlations

• metric arises from distinguishability

• gravity emerges from entropy variation

Geometry and gravity are emergent phenomena

7 Gauge Structure and Modular Defects

7.1 From Geometry to Gauge Structure

In the previous section, we established that geometry emerges from correlations in stable phases. We
now extend this framework to describe gauge structure.

The central idea is that gauge symmetry is not a fundamental symmetry group imposed on the
theory. Instead, it emerges as a redundancy in the accessible description of the system.

Gauge = access-relative redundancy

7.2 Access Algebra

We define the access algebra AF as the set of observables accessible within a given phase:

AF =
∨

X∈P ∗

B(HX)

where P ∗ is the optimal partition.
Interpretation:

• AF defines what can be measured

• it determines the operational content of the theory
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7.3 Pointer Algebra (Center)

Within AF , we define the center:

ZF ⊂ AF

This corresponds to stable classical observables.
Interpretation:

• ZF encodes classical information

• it defines superselection sectors

7.4 Access Equivalence

Two states are considered equivalent if they cannot be distinguished using accessible observables:

ρ ∼F ρ′ ⇐⇒ Tr(ρA) = Tr(ρ′A) ∀A ∈ AF

Interpretation:

Gauge equivalence = indistinguishability under AF

7.5 Gauge Transformations

A transformation U is gauge if:

UAFU
† = AF , UZFU

† = ZF

In the strongest form:

UzU † = z ∀z ∈ ZF

Interpretation:
Gauge transformations preserve all observable content.

7.6 Modular Defects

We now introduce a key concept.
A modular defect is a region where the access structure (AF , ZF ) cannot be defined globally and

consistently.

7.7 Operational Indicators of Defects

Defects are detected through:

• partition instability (high switching rate Γ)

• landscape flatness (∆ → 0)

• changes in dimZF

• breakdown of coherence suppression

Interpretation:

Defects = instability of information structure
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7.8 Patching Structure

In defect regions, a single global description is impossible.
Instead, we introduce patches {Uα}:

• each patch has its own (A
(α)
F , Z

(α)
F )

• descriptions are locally consistent

7.9 Transition Maps

On overlaps Uα ∩ Uβ, we define maps:

ϕαβ : A
(α)
F → A

(β)
F

These maps preserve observable content.

7.10 Groupoid Structure

Unlike groups, these maps compose only when domains match.
Result:

Gauge structure forms a groupoid

7.11 Holonomy Test

To detect nontrivial structure, consider loops:

Φloop = ϕγα ◦ ϕβγ ◦ ϕαβ
If:

Φloop ̸= Id

then the gauge structure is nontrivial.
Interpretation:

Holonomy = signature of modular defects

7.12 Physical Interpretation

We summarize:

• gauge symmetry is not fundamental

• it emerges from observational limitations

• defects require patchwise descriptions

7.13 Connection to Standard Gauge Theory

Traditional gauge theory introduces symmetry groups.
Here:

• symmetry emerges from access structure

• groupoid replaces global group
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7.14 Dark Sector Interpretation

The commutant:

A′
F = {X | [X,A] = 0, ∀A ∈ AF }

represents hidden degrees of freedom.
Interpretation:

Dark sector = inaccessible information

7.15 Summary

We summarize the key results:

• gauge = access equivalence

• defects = instability of access structure

• patching = groupoid structure

Gauge theory emerges from modular structure

8 Strong Portability of Modular Diagnostics

8.1 Motivation: Toward a Unified Language

A central challenge in theoretical physics is not only to unify equations, but to unify descriptions
across domains. Different areas—open quantum systems, information geometry, gravity, and renor-
malization—use different primitives and tools.

We propose a stronger requirement:

A unified theory must provide a transportable diagnostic framework

This leads to the concept of strong portability.

8.2 Definition of Strong Portability

Strong portability is the property that a single diagnostic panel, defined in terms of (ρ,K), can be
applied across multiple physical domains without retuning.

The only allowed adaptations are:

• choice of flow parameter λ

• choice of visible subsystem ρvis

8.3 Unified Measurement Panel

We define a universal diagnostic structure:

F = SP ∪MC ∪ LP ∪GS ∪BR

Each block captures a different aspect of the system.
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8.4 SP Block: Spectral Profile

k(q) = − log λq(ρvis)

Derived quantities include:

• spectral differences ∆k

• curvature measures

Interpretation:
The spectrum encodes scale structure.

8.5 MC Block: Modular Commutator Diagnostics

bL(ρ;O) =
∥[K,O]∥
∥K∥∥O∥

We extract a running exponent ν via sliding fits.
Interpretation:

• probes non-classical structure

• directly observable

8.6 LP Block: Locality and Criticality

TP (ρ) = D(ρ∥ρP )

Criticality:

(∆ → 0) ∧ (Γ > 0)

Interpretation:
Captures phase structure.

8.7 GS Block: Geometry and Stability

We compute distances:

dρ(i, j)

and define stability:

Sgeo = Varseeds(dnn)

Interpretation:
Geometry is valid only when stable.

8.8 BR Block: Backreaction (Optional)

We consider relations of the form:

∆d ∼ α1∆k + α2∆S

Interpretation:
Links geometry and spectral dynamics.
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8.9 Universal Gates

All diagnostics are subject to strict gates:

• G1: numerical stability

• G2: fit quality

• G3: geometry stability

• G4: labeling validity

• G5: domain validity

Failure of gates implies abstention, not adjustment

8.10 Validation Protocol

We define a universal validation scheme:

• seed-block cross-validation

• observable perturbations

• parameter robustness

Two core tasks:

• prediction of Sgeo

• classification of phases (L/C/N)

8.11 Four-Domain Application

The framework applies to:

• Open Quantum Systems (OQS)

• Information Geometry (IG)

• Emergent Geometry (EG)

• Renormalization Group (RG)

Key result:

Same diagnostics work across all domains

8.12 Portability Scorecard

We define a classification:

• PASS (Strong)

• PASS (Weak)

• FAIL (Out-of-domain)

Explanation:

• PASS (Strong): full agreement

• PASS (Weak): partial consistency

• FAIL: instability or mismatch
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8.13 Interpretation for Students

This scorecard is essential.
It prevents:

• overinterpretation

• false universality claims

• domain confusion

8.14 Mechanistic Invariants

Strong portability requires:

• stable relation between bL and k(q)

• separation of coherent and dissipative dynamics

• reproducible phase classification

8.15 Failure Domains

We identify failure modes:

• random pure states

• unstable geometry

• insufficient sampling

Key rule:

Outside domain → no claims

8.16 Conceptual Meaning

Strong portability implies:

• physics can be described in a single language

• different theories are different regimes

UMD defines a universal diagnostic language

8.17 Summary

We summarize:

• diagnostics are derived from (ρ,K)

• they apply across domains

• validity is explicitly controlled

Strong portability = operational unification
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9 Universal TOE Equation

9.1 From Modular Dynamics to a Unified Equation

We now combine the previous results into a single universal dynamical law. The key idea is that the
same modular evolution equation governs all physical regimes, while different phenomena correspond
to different phases.

Physics = phase-dependent modular dynamics

9.2 Phase-Dependent Structure

Recall that each phase is characterized by a triple:

F = (P ∗, AF , ZF )

This structure determines:

• accessible observables (AF ),

• classical sector (ZF ),

• correlation structure (P ∗).

9.3 Universal Dynamical Equation

We define the universal TOE equation:

dρ

dλ
= −i[Kρ|σF

, ρ] +D(F )
ent [ρ] +D(F )

class[ρ] + F (F )
phase[ρ]

9.4 Components of the Equation

1. Coherent term
−i[Kρ|σF

, ρ]

This term generates internal modular flow.

2. Entropic dissipator

D(F )
ent [ρ]

This is a GKSL-type channel satisfying detailed balance with respect to σF .

3. Classicalization channel
D(F )

class[ρ] = κ
(
PZF

(ρ)− ρ
)

where

PZF
(ρ) =

∑
µ

PµρPµ

Interpretation:
Suppresses off-center coherences.

4. Phase corrections
F (F )
phase[ρ]

Effective terms valid within a given phase.
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9.5 Interpretation of the Equation

• the same equation applies universally

• only phase-dependent structures change

• no need for separate fundamental theories

One equation — multiple physical regimes

9.6 Spectral Encoding of Phases

Phase information is encoded in spectral observables:

k(q), βq, ν

Interpretation:
Different physical regimes correspond to different spectral signatures.

9.7 Fixed Points and Stability

A phase corresponds to a stable regime of the flow:

dρ

dλ
≈ 0

Interpretation:

• stable partition P ∗

• stable access algebra AF

• stable center ZF

9.8 Phase Transitions

Transitions between phases occur when:

• ∆ → 0

• Γ increases

• ZF changes structure

Interpretation:

Phase transition = reorganization of information structure

9.9 Relation to Known Physics

Different limits reproduce known theories:

• D = 0 → quantum mechanics

• stable geometry → general relativity

• fluctuations of K → quantum field theory
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9.10 Conceptual Summary

We have constructed a universal equation with the following properties:

• background-independent

• information-based

• phase-dependent

• operationally testable

ρ⇒ K ⇒ Dynamics ⇒ All Physics

10 Numerical Program and Empirical Validation

10.1 Role of Computation in UMD

A defining feature of the UMD framework is that it is not purely conceptual. All key claims are
accompanied by a reproducible computational program.

Validation is part of the theory itself

This section summarizes the numerical protocols that support the theoretical structure.

10.2 Core Philosophy

The computational approach follows three principles:

• reproducibility (all results must be replicable),

• stability (results must persist under perturbations),

• domain-awareness (claims must be restricted to valid regimes).

10.3 State Families

We consider parametrized families of states:

ρ(p), p ∈ [0, 1]

as well as ensembles generated by:

• random circuits,

• Gibbs-like constructions,

• open-system channels (GKSL).

10.4 Observable Set

The main observables are:

• spectral coordinates k(q),

• commutator norm bL,

• partition functional Jη,

• geometry measures dρ(i, j),

• stability indicators.
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10.5 Step H: Spectral–Observable Relation

A key empirical result is:

bL ∼ k(q)ν

where ν is a running exponent.
Interpretation:

• observable scaling is controlled by spectral structure,

• RG behavior becomes directly measurable.

10.6 Extraction of the Running Exponent

The exponent ν is obtained via sliding-window log–log fits:

log bL ∼ ν log k(q)

Protocol:

• window size w ∼ 0.05,

• step size ∆p ∼ 0.01,

• fit quality threshold R2 > 0.99.

10.7 Step M: Spectral Flow Law

We identify a universal relation:

ν = a(q) k(q) + b(q)

with coefficients depending smoothly on q.
Interpretation:

Scaling exponents are functions of spectral structure

10.8 Cross-Domain Validation

The same relations are tested across:

• open quantum systems,

• information-geometric flows,

• emergent geometry regimes,

• RG-like dynamics.

Result:

Strong portability confirmed within domain

10.9 Bootstrap Validation

To ensure robustness, we use bootstrap sampling:

• multiple seeds,

• confidence intervals,

• stability analysis.
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10.10 Criticality Detection

Critical regimes are identified by:

• ∆ → 0 (flat landscape),

• Γ > 0 (switching activity),

• instability of geometry.

Observation:
No sharp divergence of correlation length is required.

10.11 Near vs Far Observables

We test robustness using different observables:

• local (near) probes,

• nonlocal (far) probes.

Result:

Scaling behavior is universal across observables

10.12 Spectral Energy Distribution

We analyze how commutator energy is distributed:

Γ(λcut)

Observation:
Energy accumulates in a specific spectral range and shifts during evolution.

10.13 Correlation with Spectral Scale

A strong correlation is found:

corr(ν, k50) ≈ 0.97

Interpretation:
The running exponent is tightly linked to spectral structure.

10.14 Failure Domains

The framework identifies clear limitations:

• random pure states,

• unstable partitions,

• insufficient system size.

Rule:

Outside domain → no claims
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10.15 Computational Pipeline

The full pipeline includes:

• state generation,

• spectral analysis,

• partition optimization,

• observable computation,

• validation and scoring.

10.16 Summary

The numerical program establishes:

• reproducibility of spectral laws,

• universality of scaling behavior,

• operational detectability of phases.

UMD is empirically testable

Conclusion

Scientific Value

The present work introduces a fundamentally new approach to theoretical physics based on the princi-
ple of distinguishability. Instead of postulating spacetime, fields, or interactions, we derive all physical
structures from a single primitive object: the density operator ρ and its modular generatorK = − log ρ.

The key contribution of this framework is a shift from object-based ontology to information-based
ontology. Physical reality is not described in terms of particles or fields, but in terms of relations
between states and their distinguishability.

Within this perspective, several major conceptual advances emerge:

• geometry is not fundamental, but arises from correlation structure,

• gravity is not a fundamental interaction, but an entropic response,

• renormalization is not a transformation of theories, but a spectral flow,

• gauge symmetry is not imposed, but emerges as access-relative redundancy,

• criticality is not defined by correlation length, but by landscape flatness and switching dynamics.

A new paradigm: physics as dynamics of distinguishability
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Depth of Investigation

The framework developed in this work is not limited to conceptual proposals. It combines multiple
layers of rigor:

• axiomatic structure (distinguishability, modularity, closure),

• operator-algebraic formulation (density operators, modular generators),

• dynamical equations (CPTP/GKSL evolution),

• phase structure (optimal partitions, access algebras),

• emergent geometry (information metrics and stability),

• gauge structure (groupoid patching and modular defects),

• numerical validation (scaling laws, spectral flow, bootstrap protocols).

Importantly, each layer is connected to the others. The theory is structurally closed: all physical
concepts are derived from the same underlying objects (ρ,K).

No external primitives are required

This distinguishes the present approach from traditional frameworks, where geometry, fields, or
symmetry groups are introduced independently.

Operational and Practical Significance

A central achievement of this work is the construction of a unified diagnostic framework based on
strong portability.

This allows:

• consistent analysis across different physical domains,

• direct comparison between quantum systems, geometric regimes, and RG flows,

• identification of valid and invalid domains of applicability,

• avoidance of overinterpretation through strict gate-based validation.

The framework is not only theoretical but computationally implementable. It provides tools for:

• detecting phase transitions,

• identifying critical regimes,

• measuring emergent geometry,

• probing non-classical structure via observables.

UMD provides a practical research program, not just a theory
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Conceptual Consequences

The results of this work suggest a profound reinterpretation of physical reality.

• spacetime is not a background, but an emergent structure,

• scale is not geometric, but informational,

• physical laws are not fixed, but phase-dependent,

• unification is not achieved by combining theories, but by identifying a common underlying
structure.

This leads to a new view of physics:

Different theories = different phases of the same dynamics

Future Directions and Potential Discoveries

The framework developed here opens several major directions for future research:

• reconstruction of the Standard Model as a phase of modular dynamics,

• identification of experimental signatures of spectral RG flow,

• exploration of dark sectors as inaccessible degrees of freedom,

• large-N limits and continuum emergence,

• connections to quantum simulators and controlled laboratory systems.

In particular, the reinterpretation of criticality and RG flow suggests the possibility of new classes
of phase transitions and observable phenomena.

Final Statement

We conclude with the central principle of this work:

ρ ⇒ K ⇒ Dynamics ⇒ All Physical Structure

and its conceptual interpretation:

Reality is a structured field of distinguishability

This provides a unified foundation for physics based on information, modular dynamics, and phase
structure.

Positioning within Modern Physics

The present framework is consistent with, but not dependent on, several major developments:

• entanglement-based emergence of spacetime,

• information-theoretic approaches to quantum gravity,

• renormalization group as a structural principle,

• operator-algebraic formulations of quantum theory.

However, it differs fundamentally in that all these structures are derived from a single primitive
object rather than introduced independently.
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