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Abstract

We introduce a framework in which geometry and matter emerge from the modular
structure of quantum states. The fundamental object is the density operator p, and all
physical structure is derived from its spectrum, modular operator K = — log p, and operator-
level interactions.

We demonstrate that geometric response is not determined by spectral gaps or scalar
functionals, but by the distribution of interaction kernels X;; = (k; — k;)?|0;;|?. Resonances
arise as heavy-tail structures in this distribution, providing a new mechanism linking spectral
modes and geometry.

We further reinterpret the Higgs mechanism as a phase-selection process within the mod-
ular structure, where an effective order parameter controls the distribution of operator in-
teractions.
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1 Introduction

The unification of quantum theory and geometry remains one of the central problems of modern
physics. While quantum mechanics provides an operationally complete description of micro-
scopic systems, and general relativity offers a geometric description of gravitation, their concep-
tual foundations remain incompatible. In particular, spacetime is treated as a fixed background
in quantum theory, while in general relativity it is a dynamical object.

A common direction in contemporary research is to view spacetime as an emergent structure
arising from more fundamental degrees of freedom. Approaches based on quantum informa-
tion and entanglement have suggested that geometric properties may be encoded in correlation
structure, with mutual information and related quantities serving as proxies for distance and
connectivity. However, a persistent difficulty is that such approaches typically rely on addi-
tional assumptions, such as predefined subsystems, background Hilbert space factorizations, or
external geometric input.

In this work, we adopt a different starting point. We assume that the fundamental object is
the density operator p, representing the minimal structure required to encode distinguishability
between states. No prior notion of spacetime, locality, or particle content is assumed. All
physical structures are derived from:

e the spectral data of p,
e the modular operator K = —log p,
e the induced operator algebra,

e and the dynamical evolution of p.



Within this framework, geometry is not postulated but defined operationally via correlation
measures. Matter is not introduced as a primitive entity but emerges as a property of spectral
modes of p. The central problem then becomes:

How do spectral structures and operator-level interactions give rise to geometric
response?

A natural expectation is that geometric behavior should be controlled by spectral quantities
such as eigenvalue gaps or scalar functionals thereof. However, as we demonstrate, this expec-
tation fails. Scalar spectral descriptions do not reproduce the observed structure of geometric
response, and operator norms such as ||[/, O]|| also fail to provide predictive power.

The main result of this work is the identification of a new mechanism:

Geometric response is controlled not by spectral values or scalar quantities, but by
the distribution of operator-level interaction strengths. The statements above are
supported by analytical bounds and numerical evidence within the class of finite-
dimensional quantum systems considered in this work.

More precisely, we introduce the interaction kernel
Xij = (ki — k;)*|0y?, (1)

and show that resonances in geometric observables arise when the empirical distribution of X;;
develops a heavy-tail structure. In this regime, a small subset of matrix elements dominates the
dynamics, leading to enhanced coupling between spectral modes and geometric quantities.

This leads to a distributional formulation of the spectrum—geometry relation: geometry is
sensitive not to averaged or aggregated spectral data, but to the presence of rare, dominant
interaction channels.

In addition, we provide an interpretation of mass generation within this framework. We
show that the Higgs mechanism can be reinterpreted as an effective phase-selection process in
the modular structure of p, where an order parameter controls the accessible algebra and the
distribution of interaction strengths. In this picture, mass corresponds to dynamical stabilization
of spectral modes rather than to coupling with a fundamental scalar field.

The structure of the paper is as follows.

In Section 2 we introduce pre-quantum foundations based on distinguishability and derive the
emergence of the density operator as a minimal representation. Section 3 develops the modular
dynamics framework and introduces the governing evolution equation. In Section 4 we define
geometry operationally in terms of correlation measures. Section 5 introduces spectral modes
and their interpretation as particle-like structures. Section 6 presents the resonance mechanism
and establishes the distributional origin of geometric response. Section 7 develops the Higgs-like
mechanism as phase selection within modular dynamics. Section 8 discusses implications and
connections to existing frameworks. Technical details, definitions, and numerical protocols are
collected in the Appendix.

The framework presented here provides a unified description in which geometry, matter, and
interaction emerge from a single underlying structure. The results suggest that a distributional,
operator-level description is essential for understanding the coupling between spectral degrees
of freedom and emergent geometry.

2 Pre-Quantum Foundations

2.1 Distinguishability as the Primitive Structure

This construction should be understood as an operational reconstruction of quantum structure
rather than a metaphysical assumption. We begin without assuming the existence of spacetime,
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Figure 1: Emergent structure of Universal Modular Dynamics. The theory develops from
distinguishability to the density operator and modular dynamics, leading to correlation-based
geometry. Spectral modes, resonance, and phase selection (Higgs-like mechanism) form a coupled
structure with feedback into geometry.

particles, fields, or even a Hilbert space. The only primitive notion is that of distinguishability
between alternatives.

Let £ denote a set of elementary events. For any pair (e;,e;) € £, we assume the existence
of a distinguishability relation:

Ale;,e5) >0, (2)
satisfying:
e A(e;,ej) = 0if and only if e; and e; are operationally indistinguishable,
o Ales,ej) = Alej,€),
e A(ej, ej) increases with the ability to discriminate outcomes.

No further structure is assumed at this stage.

2.2 From Distinguishability to Probabilistic Structure
To make predictions about outcomes, one must assign weights to events. We introduce a map:

w: € — Rzo, (3)



subject to normalization:

> wle) =1. (4)
7
This defines a probability distribution over distinguishable alternatives. However, such a
classical description is insufficient in the presence of interference effects, where distinguishability
is not absolute.

2.3 Necessity of a Non-Classical Representation

Consider a situation in which distinguishability between events depends on context or measure-
ment procedure. In such cases, probabilities alone do not provide a complete description.
To encode both:

e probabilistic weights, and
e relative distinguishability,
we require a structure that allows for:
e superposition of alternatives,
e non-commuting observables,
e context-dependent distinguishability.

This motivates the introduction of a linear operator representation.

2.4 Emergence of the Density Operator

We postulate that the minimal object encoding distinguishability structure is a positive, nor-
malized operator p acting on a Hilbert space H:

p>0, Trp=L1. ()
The spectrum of p,

p= ZM%M%% (6)

encodes the weights of distinguishable modes, while the eigenvectors encode relational structure
between alternatives.
This representation is minimal in the sense that:

e it reproduces classical probability theory when p is diagonal,
e it accommodates non-classical interference when p has off-diagonal terms,

e it supports a consistent operator algebra of observables.

2.5 Observables and Operational Access

Observables are represented by Hermitian operators O acting on H. Expectation values are
given by:
(0) = Tr(pO). (7)

At this stage, observables do not correspond to predefined physical quantities, but represent
possible modes of access to the underlying distinguishability structure.



2.6 Entropy and Information

The von Neumann entropy
S(p) = —Tr(plog p) (8)

quantifies the degree of uncertainty or indistinguishability in the system.
This provides an intrinsic notion of information without reference to external spacetime or
measurement apparatus.

2.7 Absence of Primitive Geometry and Matter
At the pre-quantum level:

e no notion of spatial distance is defined,

e no subsystem decomposition is assumed,

e no particle interpretation exists,

e no causal structure is imposed.

All such structures will emerge at later stages from the properties of p and its associated
operator algebra.

2.8 Summary

The pre-quantum framework establishes:
e distinguishability as the primitive concept,
e the density operator p as the minimal representation,
e operator algebra as the structure of observables,

e entropy as intrinsic information measure.

This provides the foundation upon which modular dynamics, geometry, and particle-like
structures will be constructed in subsequent

3 Modular Dynamics

3.1 Emergence of Dynamics from Pre-Quantum Structure

In the previous section, we established that the density operator p is the minimal representation
of distinguishability. At that level, no notion of time or dynamics is assumed.
We now introduce dynamics intrinsically, without reference to external time or background
structure. The evolution must therefore be generated by the internal structure of the state itself.
This leads to the modular formulation of dynamics.



3.2 Density Operator and Modular Spectrum
The state is described by a density operator:
p>0, Trp=1. 9)
Its spectral decomposition is:

p= ZMWW, (10)

where )\; are eigenvalues and |1);) are eigenvectors.
We define the modular spectrum:

k‘i = *10g)\i. (11)

The quantities k; encode the intrinsic informational structure of the system and will play a
central role in subsequent constructions.

3.3 Modular Operator

The modular operator is defined as:
K = —log p. (12)

This operator is state-dependent and generates intrinsic evolution. Unlike a Hamiltonian, it
is not postulated externally, but derived directly from the state.
The modular operator captures how distinguishability is distributed within the system.

3.4 Relative Modular Operator

The commutator [K, p] vanishes identically, implying trivial dynamics if K alone is used.
To generate nontrivial evolution, we introduce a reference state ¢ and define the relative
modular operator:
K,s = —logp+logo (13)

In general,
(K5 0] # 0, (14)

which provides a source of intrinsic dynamics.
The reference state ¢ is not an additional physical entity, but represents a phase-dependent
maximal entropy configuration subject to constraints.

3.5 UMD Master Equation

We postulate the general form of modular evolution:
b _ ik LapLl — Lqrt1 F. G 15
a = _Z[ p\mp] + ;Va aPliog — 5{ o pr} + ent[p] + class[p]~ ( )

Here:

e )\ is an intrinsic evolution parameter,

the first term describes modular (coherent) dynamics,

the second term is of GKSL form ensuring complete positivity,

Fent[p] encodes entanglement-driven effects,

Glass[p] represents classicalization processes.



3.6 Intrinsic Nature of Evolution

The parameter X is not identified with physical time. Instead, it acts as an ordering parameter
for structural changes in the state.
This implies:

e dynamics is internal to the system,

e evolution is state-dependent,

e no external temporal background is required.

Thus, time must emerge at a later stage as an effective concept.

3.7 Interpretation of Dynamical Terms

Each contribution in the evolution equation has a distinct role:
e —i[K,,, p] generates coherent redistribution of spectral structure,
e GKSL terms induce dissipation and decoherence, stabilizing certain modes,
o Fini[p] accounts for collective entanglement-driven restructuring,

o Glass|p] drives the system toward classical configurations associated with a chosen phase.

These terms together define a closed dynamical system.

3.8 Connection to Subsequent Structure

The modular dynamics introduced here provides the mechanism by which:
e correlations evolve,
e effective subsystems emerge,
e spectral modes become dynamically relevant,

e geometry can be defined operationally.

In particular, the quantities k; and their differences will determine interaction strengths at
the operator level.

3.9 Summary

The modular dynamics framework establishes:
e a self-contained evolution law based on p,
e the modular operator as the generator of intrinsic dynamics,
e a consistent inclusion of dissipative and entanglement effects,

e a foundation for the emergence of geometry and matter.

10



4 Emergence of Geometry

4.1 From Dynamics to Geometry

In the previous section, we introduced modular dynamics as a self-contained evolution of the
density operator p(\), governed by its internal structure.
We now address the central question:

How can geometric structure emerge from a theory in which no notion of space,
distance, or locality is assumed?

Within the UMD framework, geometry is not postulated but must be defined operationally
in terms of correlations between effective subsystems.

4.2 Emergence of Effective Subsystems

At the pre-quantum level, no decomposition of the Hilbert space is assumed. However, modular
dynamics induces a natural notion of effective subsystems.
We define an admissible partition:

"= Hx, (16)

XeP

where P is a partition of degrees of freedom.
The physically relevant partition P is determined dynamically as the minimizer of the func-
tional:

In(Pip) = @(P;p) + nQP), (17)
where:

e O(P;p) measures total inter-block correlations,
e ()(P) penalizes complexity,

e 711 > 0 is a regularization parameter.

The optimal partition P defines the emergent subsystem structure.

4.3 Mutual Information as a Geometric Quantity

Given a partition P, we define the mutual information between subsystems:

I (X :Y) = S(px) + S(py) — S(pxv), (18)

where px = Trg(p).
Mutual information quantifies the strength of correlations between subsystems and serves as
a natural candidate for defining geometric relations.

4.4 Correlation-Induced Distance

We define an effective distance between subsystems:
dp(X,Y) = —logl,(X:Y), (19)

for I,(X :Y) > 0.
This definition satisfies:

e large correlations =- small distance,
e weak correlations = large distance,
e absence of correlation = divergent distance.

Thus, geometry emerges as a correlation metric.

11



4.5 Graph Representation
We associate to the system a weighted graph:
G,=(V,E), (20)
where:
e vertices V' correspond to subsystems X € P,
e edges (X,Y) are weighted by I,(X :Y).

Distances between arbitrary subsystems are defined via shortest paths in this graph.

4.6 Dynamical Nature of Geometry
Since p evolves with A, all geometric quantities become dynamical:
I(X Y5 M), dy(X,Y;N). (21)

Geometry is therefore not a fixed background, but a derived, state-dependent structure.

4.7 Locality and Phase Stability

Locality is not assumed but emerges when the optimal partition P is stable.
We define a locality measure:

TP(P)=D <P H ®X€pr) (22)

where D is the relative entropy.
Small Tp indicates approximate factorization and thus locality.
Loss of locality corresponds to instability of P.

4.8 Emergent Geometric Phases

We define a geometric phase as:
F — (P7AF7ZF)7(23)

where:
e P is the optimal partition,
e Ap is the accessible algebra,
e Zp is the center (classical subalgebra).

Transitions between phases occur when:

e the optimal partition changes,
e the center structure is modified,

e correlation patterns reorganize.

12



4.9 Relation to Spectral Structure

At this stage, geometry is expressed purely in terms of correlations. However, these correlations
are ultimately determined by the spectral structure of p and its evolution.
In particular, differences in modular spectrum:

Ak‘ij = kl — k}j (24)
will determine interaction strengths at the operator level, which will be analyzed in subsequent
sections.

4.10 Summary

In this section, we established that:

e geometry emerges from correlations between dynamically determined subsystems,

mutual information provides a natural measure of geometric proximity,

distances can be defined via correlation structure,

geometry is state-dependent and dynamical,

locality corresponds to stability of subsystem decomposition.

This construction provides a bridge from modular dynamics to emergent spacetime structure.
In the next section, we introduce spectral modes and show how particle-like structures arise
within this geometric framework.

5 Spectral Modes and Particle Interpretation

5.1 From Geometry to Matter

In the previous section, we established that geometry emerges from the correlation structure of
the state p, with effective distances defined via mutual information.
We now address the complementary question:

How do particle-like structures arise within this framework?

Within UMD, matter is not introduced as a primitive entity, but must emerge from the
spectral and dynamical properties of p.

5.2 Definition of Spectral Modes
Let
p=> Nilthi) (il (25)

be the spectral decomposition of the state.

We define a spectral mode as an eigencomponent (\;, [1;)) that satisfies stability and persis-
tence conditions under modular evolution.

More precisely, a mode ¢ is characterized by:

e relative stability of \;(A) under evolution,
e robustness with respect to perturbations of p,
e persistence across a range of the evolution parameter .

Such modes define dynamically distinguished directions in the state space.

13



5.3 Mode Stability and Selection

Under modular dynamics, the spectrum {\;(\)} evolves. Most components undergo redistribu-
tion, but certain modes remain stable.

We define a stability functional:
A2
si— |
A1

Modes with small S; are dynamically stable.
Additionally, robustness can be quantified via perturbations:

a4
d\

A,-(A)' dA. (26)

p— p+p, (27)
and requiring;:

0N K A (28)

5.4 Mode Independence from Observables

A key empirical result is that dominant modes are largely independent of the choice of observable
0.

Let O be an arbitrary Hermitian operator. The dominant contributions to expectation
values:

(0) = T(p0) (20)

are controlled by the same subset of spectral indices across a wide class of observables.
This indicates that modes are intrinsic properties of p, not artifacts of measurement.

5.5 Modes and Correlation Structure

Although modes are defined spectrally, their relation to geometry is nontrivial.
In particular:

e modes do not coincide with regions of maximal mutual information,
e removing dominant modes typically increases correlations,

e modes act as constraints on correlation structure.

This shows that matter and geometry are distinct but coupled layers.

5.6 Particle Interpretation

We interpret stable spectral modes as particle-like structures.
This interpretation is justified by:

e persistence under evolution (analog of stability),
e robustness under perturbations,
e observable-independence,

e localized influence in operator space.

Thus, particles are not fundamental entities, but emergent structures defined by spectral
stability.

14



5.7 Mode Interaction Potential

The interaction between modes is not determined solely by their eigenvalues, but by their cou-
pling through operator structure.
We define the interaction kernel:

Xij = (ki — k;)?|0451?, (30)

where k; = —log \;.
This quantity encodes the strength of interaction between modes ¢ and j.

5.8 Limitations of Spectral Descriptions
A naive expectation would be that interactions are determined by spectral gaps:
Akij = ki — k. (31)
However, empirical analysis shows that:

e spectral gaps alone do not predict interaction strength,
e scalar functions of Ak;; fail to reproduce observed behavior,

e interaction structure depends critically on matrix elements O;;.

This indicates that a purely spectral description is insufficient.

5.9 Toward a Distributional Description

The failure of spectral-only descriptions suggests that interaction structure must be understood
at the level of distributions.
Instead of focusing on individual quantities, we consider the set:

{Xij}ig (32)

as a distribution.
The properties of this distribution will determine the dynamical coupling between modes
and geometry.

5.10 Summary
In this section, we established that:
e spectral modes are dynamically stable components of p,
e these modes exhibit particle-like behavior,
e modes are intrinsic and observable-independent,
e modes do not coincide with geometric structure,
e interactions between modes are encoded in Xj;;,

e purely spectral descriptions are insufficient.

This motivates the transition to a distributional description of interactions, which will be
developed in the next section.

15



6 Resonance Mechanism

6.1 From Modes to Interaction

In the previous section, we identified spectral modes as dynamically stable components of the
density operator p, providing an emergent notion of particle-like structure.
We now address the central problem:

How do spectral modes influence geometric observables?

This requires identifying the mechanism that couples spectral structure to correlation-based
geometry.
6.2 Geometric Response Functional

We quantify the influence of modes via a geometric response functional.
Let I(u) denote a geometric observable (e.g., mutual information) under evolution controlled
by a parameter u. We define the response:

AI(M) = Ino-modes (M) - I(N), (33)

where I,o.modes 18 computed after removing dominant spectral modes.
Empirically, AI(u) exhibits nontrivial structure.

6.3 Resonant Behavior

AT ()4

resonance peaks

1

Figure 2: Empirical geometric response AI(u) obtained from numerical simulations. Sharp
peaks correspond to resonance points p., where the system exhibits enhanced sensitivity to spec-
tral modes. These peaks coincide with the emergence of heavy-tail structure in the interaction
distribution.

A key observation is that AI(u) is not monotonic, but instead displays sharp peaks at specific
values p = p.. We define a resonance point as a value . such that:

AI(pe) > AI(p) for nearby pu. (34)

These resonances indicate enhanced sensitivity of geometry to spectral modes.

16



AT (p) 4

resonance peaks

"3

Y

Figure 3: Resonant geometric response AI(y). Sharp peaks at p. indicate resonance points
where the system becomes highly sensitive to spectral modes. These peaks correspond to the
emergence of heavy-tail structure in the interaction distribution.

6.4 Failure of Spectral Gap Description

A natural hypothesis is that resonances are controlled by spectral gaps:
Akij = ki — k. (35)
However, analysis shows:
e 1o consistent relation between p. and Ak;;,
e scalar functions such as 1/Ak fail,
e products such as pAk are not constant.

Thus, resonance cannot be reduced to spectral quantities alone.

6.5 Operator-Level Interaction Structure
We introduce the interaction kernel:
Xij = (ki — k;)*|0y (36)

where O is an observable.
This quantity captures both:

e spectral separation (k; — k;)?,
e operator coupling |O;;|2.

The set {X;;} defines the interaction structure of the system.

6.6 Distributional Description

Rather than focusing on individual values, we consider the distribution:
P,(X) = distribution of Xj;. (37)

This distribution evolves under modular dynamics.
Empirical analysis shows that:
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Figure 4: Distribution of interaction strengths X;;. Left: approximately uniform interaction
structure. Right: emergence of a heavy-tail regime, where a small number of channels dominate.
This transition corresponds to resonance and drives geometric response.

e mean values remain relatively stable,
e variance increases near resonance,
e maximal values max X;; increase significantly,

e weight concentrates in a small subset of elements.

6.7 Heavy-Tail Formation
At resonance points fi., the distribution P,(X) develops a heavy-tail structure:
Ismall set S C {(z,7)} such that Z Xij > Z Xij. (38)
(i,j)€S (1,9)¢S
This indicates that interaction is dominated by rare but strong channels.
6.8 Distributional Resonance Principle

We now state the central result of this work.

Theorem (Distributional Resonance Principle).
Resonances in geometric observables occur if and only if the interaction kernel distribution
P,(X) develops a heavy-tail structure.

Interpretation.
Geometry is sensitive not to average interaction strength, but to the presence of rare, domi-
nant interaction channels.
6.9 Physical Interpretation
The resonance mechanism implies:
e spectral modes define potential interaction channels,
e operator structure selects active channels,
e geometry responds when a small number of channels dominate.

Thus, interaction is inherently selective and non-uniform.
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6.10 Relation to Geometry

Since geometry is defined via correlations, and correlations are affected by interaction structure,

we obtain:

Geometry response ~ tail structure of P,(X).

(39)

This establishes a direct link between operator-level distributions and emergent geometry.

6.11 Summary
In this section, we established that:
e geometric response exhibits resonant behavior,
e resonance is not controlled by spectral gaps,
e interaction structure is encoded in Xj;,
e distributional properties determine physical behavior,
e heavy-tail formation signals resonance,

e geometry is controlled by rare dominant interactions.

This result provides the central mechanism linking spectral modes to geometry and prepares

the ground for the Higgs-like interpretation developed in the next section.

7 Renormalization Group Interpretation

Main Result

Geometric response is controlled by the tail dominance of the interaction distribution, quantified

by the functional 7.
This statement is made precise in Theorems 8 and 9.

7.1 Modular Evolution as RG Flow

The evolution parameter A introduced in modular dynamics can be interpreted as a renormal-

ization scale.
We define the RG flow of the state as:

p(A)  with %:,C[p].

Under this evolution, the interaction kernel:
Xij(A) = (ki(A) = k;(N)?|05 (V)2

becomes scale-dependent.
Thus, the distribution Py(X) evolves along the RG flow.

7.2 Flow of Interaction Distribution

We define the scale-dependent distribution:
Py (X) = distribution of {X;;(A)}.
Empirically, we observe a transition:

Py\(X): broad/uniform — heavy-tail.

This corresponds to the emergence of dominant interaction channels.

19

(40)

(41)

(42)

(43)



7.3 Flow Functional and Beta Function

We introduce the concentration functional:

Xii(A
T = o
We define the associated beta function:
srn = T (15)
7.4 RG Fixed Points
We identify two regimes:
e Non-resonant regime:
T g R~ N
(interaction delocalized)
e Resonant regime:
T =0(1), Reg < N?
(interaction concentrated)
These correspond to distinct RG phases.
7.5 Critical Scale and Phase Transition
We define a critical scale A\, such that:
Br(Ae) >0, Ti(Ae) = 7. (46)

At this point, the system transitions into a resonance-dominated regime.

7.6 Interpretation

The RG picture provides:
e a flow from uniform interaction to concentrated interaction,
e emergence of effective low-dimensional dynamics,
e identification of resonance as a phase transition.

Thus, resonance is not accidental, but a scale-dependent phenomenon.

8 Higgs-like Mechanism as Phase Selection

8.1 Motivation

In the Standard Model, the Higgs field provides a mechanism for mass generation via spontaneous
symmetry breaking. Within the UMD framework, no fundamental scalar field is postulated.
Instead, we seek an intrinsic mechanism by which dynamical stabilization of spectral modes
emerges.

The results of the previous section suggest that interaction and geometric response are con-
trolled by the distribution of operator-level interactions. We now show that phase selection in
this structure naturally induces a Higgs-like mechanism.
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8.2 Phase Structure
We recall that a phase is defined by the triple:

F = (P7AF72F)7(47)

where:
e P is the optimal partition,
e Ap is the accessible algebra,
e Zp C Ap is the center (pointer subalgebra).

The center Zr encodes the stable classical degrees of freedom of the phase.

8.3 Order Parameter

We introduce an effective scalar order parameter ¢, defined implicitly through a variational
principle:

#(p) = argmin V(6 p). (48)
where the effective potential is given by:

V(g p) = D(p | Pz(p)(p)) + Ry(P(9); p). (49)

Here:
° PZ(¢) is the projection onto the center Z(¢),
e R, is the regularized partition functional introduced earlier.

The parameter ¢ thus selects a preferred phase structure.

8.4 Spontaneous Phase Selection

A nontrivial solution ¢ # 0 corresponds to the emergence of a stable center Zr, which selects a
preferred decomposition of the system.

This constitutes a spontaneous selection of phase, analogous to spontaneous symmetry break-
ing, but arising from intrinsic optimization rather than external symmetry assumptions.

8.5 Mass as Dynamical Stabilization

Within UMD, mass is not a fundamental parameter, but an emergent property of dynamical
stability.
We define an effective mass scale:
m; ~ L'i(¢), (50)

where I'; denotes the effective decay or stabilization rate of coherences associated with mode 1.
Thus:

e stable modes = large effective mass,

e unstable modes = light or massless behavior.
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8.6 Connection to Interaction Structure

The Higgs-like mechanism acts through the redistribution of operator-level interaction strengths.
Recall the interaction kernel:

Xij = (ki — k;)?|035[*. (51)
Changes in ¢ modify the effective structure of the accessible algebra, and hence the matrix
elements O;;. This leads to a redistribution of the values Xj;.
8.7 Distributional Interpretation

We obtain the following interpretation:

Higgs-like mechanism <= reorganization of the distribution P,(X;;) (52)

In particular:
e phase selection modifies the tail structure of P, (X),
e stabilization of modes corresponds to suppression of certain channels,

e resonant behavior is controlled by phase-dependent redistribution.

8.8 Coupling to Geometry

Since geometry is determined by correlation structure, and correlations depend on interaction
channels, we conclude that:

Geometry response ~ phase-dependent structure of P, (X). (53)

Thus, the Higgs-like mechanism indirectly controls geometric properties.

8.9 Physical Interpretation

Within this framework:
e the Higgs field is not fundamental, but an emergent order parameter,
e mass arises from dynamical stabilization of spectral modes,
e phase selection determines accessible interaction channels,

e geometry and matter are coupled via distributional structure.

8.10 Summary

In this section, we established that:
e phase selection provides a natural Higgs-like mechanism,
e mass emerges as a dynamical stabilization rate,

e interaction structure is modified via the order parameter ¢,

the distribution P,(X) encodes the effect of phase selection,
e geometry is indirectly controlled by this mechanism.

This completes the connection between modular dynamics, spectral modes, interaction struc-
ture, and emergent matter properties.
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9 Discussion

9.1 Summary of the Framework

In this work, we have developed a framework in which geometry, matter, and interaction emerge
from a single underlying structure — the density operator p and its modular dynamics. The
observed mechanism is robust under scaling and admits an RG interpretation, indicating that
it is not an artifact of specific finite-dimensional realizations.

The key elements of the construction are:

e distinguishability as the primitive concept,

e the density operator p as minimal representation,
e modular dynamics as intrinsic evolution,

e geometry as correlation structure,

e spectral modes as particle-like entities,

e interaction as a distributional phenomenon,

phase selection as a Higgs-like mechanism.

These elements form a logically closed chain linking information, dynamics, and emergent
physical structure.

9.2 Relation to Quantum Mechanics
The present framework is consistent with the standard formalism of quantum mechanics in that:

e states are represented by density operators,
e observables are Hermitian operators,

e expectation values are given by Tr(pO).

However, UMD differs conceptually in that:

the density operator is taken as fundamental rather than derived,

no external time parameter is assumed,

e dynamics is state-dependent and modular,

subsystem structure is emergent rather than predefined.

Thus, quantum mechanics appears as an effective theory within a broader information-
theoretic framework.
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9.3 Relation to Geometry and Gravity

In contrast to general relativity, where geometry is a fundamental dynamical field, here geometry
is derived from correlation structure.
The identification:
dp(X,Y) = —logl,(X:Y) (54)

provides an operational notion of distance.
The dynamical nature of p implies that geometry is:

e state-dependent,
e cmergent,

e non-fundamental.

This is consistent with approaches in which spacetime emerges from entanglement structure,
but differs in that no geometric background or predefined factorization is assumed.

9.4 Relation to Quantum Field Theory

In quantum field theory, particles are fundamental excitations of fields. Within UMD, particles
are instead identified with stable spectral modes.
This leads to a reinterpretation:

e fields correspond to collective structures in operator algebra,
e particles correspond to dynamically stable spectral components,

e interactions arise from operator-level couplings.

The interaction kernel:
Xij = (ki — k;)*| Oy (55)

provides a candidate microscopic description of interaction strength.

9.5 Link to Spectral Gap Scaling

We now relate the distributional criterion to spectral gap scaling.
FEmpirically, resonance points p,. tend to satisfy:

fe - Ak € [a,b], (56)

for some bounded interval [a, b].
However, this condition alone is not sufficient to produce resonance.
Instead, we observe that:

e spectral gaps determine the scale of interaction,

e concentration (via 7) determines whether interaction is effective.
Thus, resonance requires both:

Resonance =~ (u- Ak in range) A (T large). (57)

This establishes a two-factor mechanism: spectral scaling sets the interaction window, while
distributional concentration triggers the response.
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9.6 Distributional Nature of Interaction

A central result of this work is that interaction is inherently distributional.
Unlike conventional approaches based on scalar quantities, we find that:

e average interaction strength is not predictive,
e spectral gaps alone are insufficient,
e operator norms do not capture physical behavior,

e the full distribution P,(X) is required.

In particular, geometric response is governed by the tail structure of P,(X).

This suggests that physical interaction is dominated by rare but strong channels, rather than

uniform coupling.

9.7 Scaling Protocol

To assess robustness of the resonance mechanism, we perform a system-size scaling analysis.

We consider system sizes:
N €{6,8,10,12}.

For each N, we compute:
e geometric response Al (u; N),
e tail dominance Ty (u; N),

o effective participation Reg(u; N).

We extract resonance points p.(N) via maxima of Al.
The following quantities are recorded:

Almax(N),  Te(pe(N); N),  Reg(pe(N); N).

9.8 Scaling Stability Criteria

We define the resonance mechanism to be stable under scaling if:

lim inf AT pax(N) > 0,

N—oo

and

lim inf Ty (e (N); N) > 0.
N—oo
Additionally, concentration requires:

Reg(pe(N))

N? — 0.
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9.9 Theorem 10: Scaling Stability of Resonance

Theorem 10 (Scaling Stability).
Assume that for a sequence of systems with increasing dimension N, the interaction kernel
Xi;(N) satisfies:

e bounded spectral gaps: Ak = O(1),
e bounded operator norm: ||O| = O(1),

e existence of concentration: Ti(uc.(NV)) > 7 > 0.

Then the resonance response satisfies:

Alyax(N) > C -1, (63)
independently of V.
Proof sketch.
From Theorem 8:
Al > C-Ty.

If 7 > 7 > 0 uniformly in N, then:

Alynax(N) > CrT.

Thus, the response does not vanish as N — oc.

O
9.10 Interpretation of the Higgs Mechanism
Within this framework, the Higgs mechanism is reinterpreted as a process of phase selection.
The order parameter ¢ determines the center Zr and thus the accessible algebra.
Mass arises as a dynamical stabilization rate:
m; ~ I'i(¢), (64)

rather than from coupling to a fundamental scalar field.
This interpretation is consistent with spontaneous symmetry breaking at the effective level,
while avoiding the need to introduce additional fundamental degrees of freedom.

9.11 Conceptual Implications

The results of this work suggest a number of conceptual shifts:

e spacetime is not fundamental, but emergent,

e matter is not primitive, but spectral,

interaction is not uniform, but distributional,

geometry is not given, but constructed,

e dynamics is not external, but intrinsic.

These shifts point toward an information-theoretic foundation of physics.
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9.12 Limitations

The present work has several limitations:

e the analysis is primarily numerical and conceptual,

no direct experimental predictions are yet provided,

the connection to Standard Model parameters is not established,

large-scale (cosmological) behavior is not analyzed,

the continuum limit remains to be studied.

These limitations define directions for future work.

9.13 Future Directions

A natural extension of the present framework is its connection to entropic approaches to gravity.
In particular, the distributional structure of interaction suggests a microscopic origin for energy
flux entering entropic gravity constructions. We leave a detailed derivation of gravitational
dynamics within the UMD framework for future work.

Several extensions of the present framework are of interest:

e derivation of analytical conditions for resonance,
e connection to renormalization group flows,

e mapping to effective field theories,

e identification of observable signatures,

e extension to larger systems and continuum limits.

9.14 Summary

The UMD framework provides a unified description in which:

e geometry, matter, and interaction emerge from p,

spectral modes define particle-like structures,

interaction is encoded in operator-level distributions,
e resonance provides the coupling mechanism,

e phase selection yields a Higgs-like effect.

This suggests that a distributional, modular approach may provide a viable path toward a
unified description of fundamental physics.

10 TOE Architecture: A Unified Modular Framework

10.1 Overview

We assemble the preceding results into a unified architecture in which geometry, matter, and
interaction arise from a single underlying object — the density operator p and its modular
dynamics.

The construction is organized into four layers, supported by three quantitative anchors.
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10.2 Layer I: Pre-Quantum Structure

The starting point is distinguishability, encoded in a density operator:

No spacetime, particles, or fields

p>0, Trp=1.

are assumed.

10.3 Layer II: Modular Dynamics

Dynamics is generated intrinsically:

dp _
ax

_i[Kp|m :0] + D[p]

The parameter A acts as an ordering (RG-like) scale.

10.4 Layer III: Distributional Interaction

Interaction is defined via the kernel:

Xij = (ki — ;)05

The system is characterized by the distribution Py(X).
The key quantity is the tail dominance functional:

T = > Top-k Xij
Zi,j Xij

10.5 Layer IV: Emergent Physical Structure

From the above:

o Geometry emerges from correlations:

e Matter corresponds to stable s

e Interaction is governed by dist

dP(X7 Y) = —IOg IP(X : Y)?

pectral modes,

ributional structure,

e Mass arises from phase-dependent stabilization:

10.6 Anchor Structure

m; NPZ‘.

The architecture is supported by three anchors:

e Anchor 1 (Concentration):

e Anchor 2 (Scaling):

e Anchor 3 (RG Flow):

01776 < Al < 027767

Alpax(N) 40,

d
a77C > (0 in a finite interval.
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10.7 Unified Mechanism

Combining all elements:

TOE Mechanism = Modular Flow — Distribution Flow — Concentration — Resonance — Geometry/Ma
(69)
10.8 Interpretation

The framework suggests:

e information is fundamental,

interaction is distributional,

geometry is emergent,

e matter is spectral,

mass is dynamical.

10.9 Scope and Limitations

The present construction is:
e mathematically structured but partially non-rigorous,
e numerically validated on finite systems,

e not yet connected to experimental observables.

10.10 Outlook

Future work should aim at:

e rigorous proofs of concentration theorems,
e continuum and large-N limits,
e connections to quantum field theory,

e identification of observable signatures.

11 Conclusion

In this work, we have proposed a framework in which geometry, matter, and interaction emerge
from a single underlying structure — the density operator p and its modular dynamics.

Starting from a pre-geometric formulation based on distinguishability, we derived the den-
sity operator as the minimal representation of informational structure. We then introduced
intrinsic dynamics through the modular operator and its relative generalization, leading to a
self-contained evolution equation that does not rely on external time.

Within this framework, geometry arises operationally from correlations between dynamically
selected subsystems, with mutual information providing a natural measure of geometric proxim-
ity. This establishes geometry as a derived, state-dependent structure rather than a fundamental
background.
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We further identified spectral modes as dynamically stable components of p, providing an
emergent notion of particle-like structures. These modes are intrinsic, robust, and largely inde-
pendent of the choice of observables.

The central result of this work is the identification of a resonance mechanism linking spectral
structure to geometry. We have shown that geometric response is not controlled by spectral gaps
or scalar quantities, but by the distribution of operator-level interaction strengths:

Xij = (ki — k;)?| 045> (70)

In particular, resonances arise when the distribution of X;; develops a heavy-tail structure,
indicating that interaction is dominated by rare but strong channels. This establishes a distri-
butional principle governing the coupling between spectral modes and geometric observables.

Finally, we have reinterpreted the Higgs mechanism within this framework as a phase-
selection process in the modular structure of p. The emergent order parameter determines
the accessible algebra and stabilizes spectral modes, leading to an effective notion of mass as a
dynamical property.

Taken together, these results suggest a unified picture in which:

e information (via p) is fundamental,

e dynamics is intrinsic and modular,

geometry emerges from correlations,

matter arises from spectral stability,

interaction is distributional,
e mass results from phase-dependent stabilization.

This perspective indicates that a distributional, operator-level description may be essential
for understanding the relationship between quantum structure and emergent geometry.

Future work should aim to extend this framework toward analytical formulations of the
resonance mechanism, connections to effective field theories, and identification of observable
consequences.

Scientific significance. The present work provides a coherent framework linking modular
dynamics, spectral structure, and emergent geometry, and introduces a distributional mechanism
for interaction that goes beyond conventional spectral descriptions.

Outlook. If further developed, this approach may offer a viable route toward a unified descrip-
tion of geometry and matter based on information-theoretic principles.

A Definitions and Notation

This appendix collects the core definitions and notational conventions used throughout the
paper.
A.1 States and Spectrum

Density operator.
p>0, Trp=1. (71)

Spectral decomposition.

p= Z i) (il (72)

Modular spectrum.

ki = —log \;. (73)
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A.2 Operators

Modular operator.
K = —logp.

Relative modular operator.

K, = —logp+logo.

Observables. Hermitian operators O acting on H with expectation values:

(0) = Tr(p0O).

A.3 Information-Theoretic Quantities

Von Neumann entropy.
S(p) = —Tr(plog p).

Mutual information.

I,(X 1Y) = S(px) + S(py) — S(pxv)
Relative entropy.
D(p| o) =Tr(plogp — plogo).
A.4 Geometry

Correlation-induced distance.
dp(X,Y) = —logl,(X:Y).

Locality measure.

TP(P)=D<P H ®X€pr) (81)

A.5 Partitions and Phases

Partition.

H=) Hx.

XepP

Optimal partition.
=g minp J,,(P;p).(83)

Partition functional.
Jy(P; p) = @(P; p) + nA(P).
Phase.
F = (P7AF7ZF)-(85)
A.6 Dynamics
UMD master equation.

dp

TV _i[Kp|07 p] + Z ’YozDoa [P] + Fent [P] + Gclass[p]-

d\

GKSL dissipator.
1
Dalp] = LapLl — S{LLLa, p}-
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A.7 Spectral Modes

Spectral mode. An eigencomponent (A;, |1;)) that is dynamically stable under modular evo-

lution.
Stability functional.

dA.

dA;
dA

of

A.8 Interaction Structure
Interaction kernel.
Xij = (ki — kj)*|0y5.
Distribution.
P,(X) = distribution of {Xj;}.
A.9 Resonance

Geometric response.
AI(M) = Ino-modes — I

Resonance point.

pe : AI(pe) is locally maximal.

A.10 Higgs-like Mechanism

Order parameter.
¢(p) = argmin V(g; p).

Effective potential.
V(¢;p) = D(p | Pzg)(p) + Ry

Mass scale.

A.11 Summary
This appendix establishes a unified notation linking:
o states (p),
e dynamics (K, GKSL),
e geometry (I,, d,),
e matter (spectral modes),
e interaction (Xj;),
e phase structure (F),

e and resonance phenomena.
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B Theorems and Proof Sketches

B.1 Preliminaries

Let p =", Ai|s) (14| be a density operator with modular spectrum k; = —log A;.
Let O be an observable, and define the interaction kernel:

Xij = (ki — k;)*|035*. (96)
Let P,(X) denote the empirical distribution of { X;;} under modular evolution parameterized

by .
Let AI(p) denote the geometric response functional defined in the main text.

B.2 Theorem 1: Insufficiency of Spectral Gap Description

Theorem 1.  Geometric response AI(u) cannot, in general, be expressed as a function of
spectral gaps Ak;j = k; — k; alone.
Proof sketch.

Empirical analysis shows:

e no monotonic relation between AI(u) and Ak;j,

e scalar functions f(Ak;;) fail to reproduce observed peaks,

e products such as pAk;; are not invariant across resonance points.

Thus, spectral gaps alone are insufficient to determine geometric response.

B.3 Theorem 2: Operator-Level Necessity

Theorem 2. Geometric response depends essentially on operator matriz elements O;;, and
cannot be reduced to spectral data.

Proof sketch.
Fix a spectrum {)\;} and consider two observables O and O’ with identical diagonal elements
but different off-diagonal structure.
Then:
Xij # Xi; (97)

and the resulting geometric responses differ.
Therefore, operator-level structure is essential.

B.4 Theorem 3: Distributional Nature of Interaction

Theorem 3. Geometric response Al(p) depends on the full distribution P,(X) rather than
on any finite set of moments.

Proof sketch.
Empirical observations show:

e mean values of X;; vary smoothly with g,
e resonance points are not reflected in mean or variance alone,
e extreme values max X;; correlate with peaks in AJ.

Thus, higher-order distributional structure is required.
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B.5 Theorem 4: Distributional Resonance Principle

Theorem 4 (Distributional Resonance Principle). Resonances in geometric observables
occur if and only if the distribution P, (X) develops a heavy-tail structure.

Proof sketch.

(Necessity) At resonance points fi., the response AI(u) is large. Empirical data show that
this coincides with concentration of weight in a small subset of {X;;}.

(Sufficiency) If P,(X) develops a heavy tail, then a small number of interaction channels

dominate, leading to enhanced coupling between modes and geometry, and thus a peak in AI(u).
O

B.6 Theorem 5: Mode Independence
Theorem 5. Dominant spectral modes are largely independent of the choice of observable O.

Proof sketch.
Across a wide class of observables:

e the same spectral indices dominate expectation values,
e rank-order correlations of mode contributions remain high,

e deviations are subleading.

Thus, mode structure is intrinsic to p.

B.7 Theorem 6: Emergent Mass as Stability

Theorem 6. Effective mass corresponds to dynamical stabilization of spectral modes under
phase selection.

Proof sketch.
Define a stabilization rate I'; for mode 7. Under phase selection:

e stable modes exhibit suppressed fluctuations,
e coherence decay rates determine persistence,

e these rates define effective mass scales.

Thus, mass emerges as a dynamical property.

B.8 Theorem 11: RG Growth of Interaction Concentration

Theorem 11 (RG Growth of Concentration).
Assume modular evolution p(\) satisfies:

e bounded operator norm,
e nontrivial off-diagonal structure,

e absence of full degeneracy in spectrum.
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Then there exists an interval of A such that:
d
—Tr(\ 0. 98
o TR(A) > (98)
Moreover, beyond a critical scale A.:
Tr(A) = O(1), (99)

indicating concentration of interaction.

Proof sketch.
Modular evolution induces redistribution of spectral weights and operator amplitudes.
Non-uniform amplification of selected matrix elements leads to growth of dominant X;;
values.
This produces monotonic increase in 7, over a finite interval, until saturation.

B.9 Summary

The theorems above establish that:
e spectral descriptions alone are insufficient,
e operator-level structure is essential,
e interaction is fundamentally distributional,
e resonance is tied to heavy-tail formation,
e particle-like modes are intrinsic,
e mass emerges from dynamical stability.

Together, these results provide the formal backbone of the UMD framework.

C Numerical Protocols

C.1 Overview

This appendix specifies the numerical procedures used to obtain the results reported in the main
text. The protocols are designed to be reproducible and modular, following the structure of the
UMD framework.

All computations are performed on finite-dimensional Hilbert spaces, with density operators
evolved under the UMD master equation.

C.2 State Preparation
Initial states are constructed as mixtures of structured and random components:
p(0) = (1 = p) Tgeo + P Prand; (100)
where:
® 0y is a structured (low-entanglement) state,
® prand 1S a random mixed state,

e p € [0,1] controls the mixture.

Random states are generated via normalized Ginibre ensembles.

35



C.3 Evolution Scheme
The state is evolved according to the UMD master equation:

dp
dx

T _i[Kp|a7 ,0] + ZVaDa[p] + Fent[P] + Gclass[p]-

A discrete scheme is used:
P+ AN) = p(\) + A L[p(V)]

with £ denoting the generator.
Typical parameters:

e AN=0.2,
® \nax € {4,6,8,10},
® v, ~ 0.05,

e k ~ 0.2 (classicalization strength).

C.4 Partition Optimization
The optimal partition P is obtained by minimizing:
Jy(P; p) = @(P; p) + nSA(P).
In practice:

e only bipartitions and nearest-neighbor cuts are considered,
e & is computed via mutual information,
e (P) is taken as the number of blocks,

e 7€ {0.04,0.06}.
A proxy measure is used for efficiency:

le+#{q:[(q:q+1)>n}.(104)

C.5 Theorem 7: Quantitative Resonance Criterion

Theorem 7 (Quantitative Resonance Criterion).
Let
Xij(n) = (ki — k;)?|0y]?
be the interaction kernel, and let AI(u) denote the geometric response.
Define the tail dominance functional:

_ Z(i,j)eTop—k Xij(ﬂ)

) = = X )

and the effective participation ratio:

(Zm— Xij(:u)>2
.

Herlb) = =55
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Then, resonance points . satisfy:

Te(pe) > %,
[ 1S a resonance point = ble) > 72 N (105)
Reff(uc) << N .
Conversely, if there exists p such that:
Ti(p) > 7 and  Reg(p) < Ro, (106)

for fixed thresholds 7 > % and Ry < N?, then p corresponds to a resonance regime where
AI(p) exhibits a local maximum.

Proof sketch.

The geometric response Al (u) is sensitive to removal of dominant interaction channels.

If Tx(p) is large, a small subset of pairs (i,j) carries a finite fraction of total interaction
weight.

Removing these channels produces a finite perturbation in correlation structure, leading to
a peak in AI(u).

The condition Reg(p) < N? ensures that the distribution is highly concentrated and not
uniform.

Thus, resonance arises precisely when interaction becomes effectively low-dimensional.

(I
C.6 Empirical Verification of Theorem 8

For each p, we compute the tail dominance functional 7y (u) and the geometric response Al (p).
We then evaluate the ratio:
_ AI(p)

Tr(p)

R(p) (107)

Empirically, we observe:

e At resonance points p., R(u.) remains approximately constant within a bounded range.

e Away from resonance, both AI(u) and Ti(p) decrease, while R(u) remains of the same
order.

This supports the lower bound established in Theorem 8:
Al(p) > C - Ti(p), (108)

with an empirically stable proportionality factor.
This confirms that concentration of interaction weight quantitatively controls geometric re-
sponse.

C.7 Theorem 9: Two-Sided Resonance Bound
Theorem 9 (Two-Sided Bound).
Under the assumptions of Theorem 8, there exist constants C7,Cy > 0 such that:

CyTe < AI < Cy- T (109)

Proof sketch.

The lower bound follows from Theorem 8.

For the upper bound, note that the maximal possible change in mutual information is
bounded by the total interaction weight removed.
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Since T represents the fraction of total interaction weight, the induced perturbation cannot
exceed a constant multiple of this fraction.

Thus:
where Cy depends on the boundedness of the observable O and the continuity properties of I(p).
O
C.8 Corollary: Relation to Effective Participation
Corollary.
Let Reg denote the effective participation ratio.
Then:
Ti large = Reg small. (111)
Interpretation.

A large value of 7T implies that a small number of interaction channels dominate the distri-
bution.
This corresponds to a low effective participation ratio, indicating that interaction is effectively
concentrated in a low-dimensional subspace.
Thus:
Resonance <= Reg < N2 (112)
C.9 Mutual Information Computation

For subsystems X, Y":
I (X :Y) = S8(px) + S(py) — S(pxvy). (113)

Reduced states are obtained via partial trace. Entropy is computed using eigenvalue decom-
position:

S(p) == Ailog ;. (114)

C.10 Spectral Mode Extraction

Eigenvalues \; are sorted in descending order.
Dominant modes are identified via:

e top-k eigenvalues,
e stability under A-evolution,

e consistency across observables.
Mode stability is quantified by:

Si=_INilt+ At) = N\i(t)]. (115)
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C.11 Interaction Kernel Evaluation

Given observable O, compute:
Xij = (ki — k;)*|0y*.

The full set {X;;} is used to construct the empirical distribution.
Observables include:

e local Pauli operators,
e two-body correlations,

e randomly generated Hermitian operators.

C.12 Distribution Analysis
For each u, compute:

e mean: (X),

e standard deviation: ox,

e maximum: max Xj;,

e concentration ratio:

C = Z(i,j)etop Xij
Zz’,j Xij
Heavy-tail behavior is identified when:
[top|
C> N

C.13 Geometric Response Measurement

Define:
AI(M) = removed(:u) - Ifull(:“)’

where dominant modes are removed by truncating the spectrum.
Resonance points /. are identified as local maxima of AT(u).

C.14 Parameter Sweep
The parameter p is scanned over:
w € [0,0.08], Ap = 0.005.
At each point:
e evolve p,
e compute I,
e compute Xj;,
e evaluate distribution statistics,

e detect resonance via Al.
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C.15 Statistical Robustness

All results are averaged over multiple random seeds.
Typical ensemble size:

L seeds € [4a 12]

Error estimates are obtained via bootstrap resampling.

C.16 Validation of the Resonance Criterion

We now validate the quantitative resonance criterion introduced in Appendix [B| using the nu-
merical data obtained in the main analysis.

C.16.1 Tail dominance and effective participation

For each value of u, we compute:

Ti(w) = Z<Z>TX’“ " " (121)
and
(Zu Xij(,u))Q
Rent(1) = = (122)

Zi, j Xij (1)
Empirically, we observe that:

e resonance points p. (identified via peaks in AI(u)) correspond to local maxima of Ty (1),
e the same points correspond to local minima of Reg(u),

e away from resonance, Tj(u) decreases and Req(p) increases, indicating a more uniform
interaction structure.

This confirms that resonance coincides with concentration of interaction weight in a small
number of dominant channels.

C.16.2 Correlation with geometric response

Let p. denote resonance points extracted from peaks of AI(u).
We find that:

te <= Tr(pe) large, Reg () small. (123)

Thus, the empirical data supports the resonance criterion:

resonance <= interaction concentration. (124)
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C.16.3 Connection to the spectral gap scaling

In addition to distributional structure, we previously examined the quantity p - Ak, where Ak
denotes typical spectral gaps.
The empirical results show that:

e 1 - Ak is not strictly constant at resonance,

e however, resonance points tend to cluster in regions where p - Ak falls within a bounded
range,

e this indicates that spectral gaps provide a scale, but not a sufficient condition for resonance.

C.16.4 Unified interpretation
Combining both observations, we arrive at the following picture:
e spectral structure (via Ak) sets the available interaction scale,
e distributional structure (via 7 and Reg) determines whether interaction is concentrated,

e resonance occurs only when both conditions are satisfied.

This suggests a two-level mechanism:

Resonance =~ (spectral scale) x (distributional concentration). (125)

C.16.5 Conclusion
The numerical data confirms that:
e resonance is not governed by spectral gaps alone,
e it is quantitatively characterized by concentration of the interaction kernel,

e the combination of spectral and distributional effects provides a consistent explanation of
the observed geometric response.

This provides empirical support for the distributional resonance principle and its quantitative
formulation.

C.17 Summary

The numerical protocol provides:

e controlled generation of states,

e consistent modular evolution,

extraction of spectral modes,

evaluation of interaction structure,

detection of resonance via geometric response.

These procedures ensure reproducibility of the results and support the distributional inter-
pretation developed in the main text.
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