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Abstract

We propose a theoretical framework in which gauge symmetries of particle physics
emerge from the topology of information relation networks. The model starts from a mini-
mal structure consisting of four information variables connected by six relations.

This structure naturally forms a simplicial complex whose triangular loops possess non-
trivial homological properties. We show that the number of independent loop phases is
three, which provides a natural origin for SU(2) gauge symmetry.

Extending the loop phase space leads to a U(3) transformation structure, whose traceless
sector corresponds to SU(3), suggesting a topological origin of color symmetry.

In this framework, gauge fields correspond to vector excitations of loop phases, while
fermionic particles emerge as spinor excitations associated with the SU(2) structure of the
loop phase space.

The model suggests that fundamental interactions may originate from the topology of
information propagation rather than being imposed as fundamental symmetries.
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1 Introduction

The Standard Model of particle physics successfully describes the known fundamental interac-
tions through the gauge symmetry structure

SU(3) x SU(2) x U(1).

Despite its success, the origin of these symmetries remains unclear. In the conventional
formulation they are introduced as fundamental postulates of the theory.

In this work we explore the possibility that gauge symmetries may arise from the topology
of an underlying information structure. The central idea is that physical degrees of freedom may
emerge from relations among fundamental information variables rather than from independent
fields defined on spacetime.

The purpose of this paper is to demonstrate that a minimal relation network leads naturally
to the symmetry structure associated with the electroweak and strong interactions.

The results suggest that gauge symmetries may originate from minimal relational structures
of information.

Related works Several approaches have explored the possibility that physical laws may emerge
from information-theoretic or relational structures [|1-3]].

The present work differs from these approaches in that it introduces a minimal relation net-
work with explicit loop topology that directly generates gauge symmetry structures related to
the Standard Model.

The hierarchical information propagation model (HIPM) was previously proposed as a frame-
work describing information-based physical structures [4-8].

Novelty of this work The present study introduces a structural framework in which gauge sym-
metries emerge from a minimal information relation network. Unlike conventional approaches
based on quantum fields, the model derives symmetry structures from the topology of informa-
tion relations.

The key novelty lies in the minimal configuration consisting of four variables, six relations,
and three independent loops. This configuration naturally generates symmetry structures corre-
sponding to SU(2) and SU(3).

Furthermore, particle mass is interpreted as curvature energy associated with loop phase
structures, without invoking the Higgs mechanism.

2 Information Variables and Relation Network

We assume that the fundamental layer of the model consists of a set of information variables

V; (Zzl,,4)
which are connected through relational links. The complete relation network among these
variables forms six edges
€ij, 1< j

Thus the minimal relation cell contains



4 nodes, 6 edges.

This structure corresponds to a complete graph on four vertices.

From a topological viewpoint, this graph naturally generates triangular loops formed by
triples of variables. These triangular structures play a fundamental role in the emergence of
phase degrees of freedom.

The minimal relation network shown in Fig. 1 consists of four variables connected by six
relations.

Definition 1 (Minimal relation network) We define a minimal relation network consisting
of four variables connected by six relations. This configuration forms three independent loops,
which constitute the fundamental structure used in the present model.
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4 variables
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3 independent loops

Figure 1: Minimal information relation network consisting of four nodes. The tetrahedral
configuration generates six pairwise relations and three independent loops. These loops support
phase structures that give rise to the symmetry groups discussed in this work.

2.1 Minimal Relational Structure

A natural question arises as to why the present model begins with four informational variables.
The motivation is that four nodes represent the smallest relational system capable of supporting
independent loop structures.

For a relational network with N nodes, the number of possible pairwise relations is

N(N -1)
5 .
The number of independent loops in a connected graph is

E =

L=E—-N+1.

For N = 4 we obtain



This configuration represents the smallest system in which multiple independent loop phases
can exist. These three loops form the minimal phase structure from which the symmetry struc-
tures discussed in this paper emerge.

In this sense, the (4, 6, 3) configuration constitutes the minimal relational structure capable
of generating nontrivial phase topology.

The tetrahedral relation network therefore provides the simplest informational substrate from
which non-abelian symmetry structures may arise.

3 Simplicial Complex Structure

The relation network can be interpreted as a simplicial complex consisting of vertices, edges,
and triangular faces.
Let

C()?Ch CQ

denote the chain groups corresponding to vertices, edges, and triangles.
Their dimensions are

dim CO = 4,
dim 01 = 6,

The triangular faces correspond to closed relation loops among the information variables.
These loops form the topological basis of the phase degrees of freedom in the present relation
network framework.

4 Loop Homology

The triangular structures formed by the relation network naturally generate loop degrees of free-
dom. These loops can be analyzed using the framework of algebraic topology.
Let

82 : 02 — Cl
be the boundary operator mapping triangles to their edge boundaries.
For a triangle with vertices (v;, v;, v;) the boundary is
d(vvjvg) = (vv5) + (vjvg) + (VkY;).

This operator can be represented as a matrix whose rows correspond to edges and whose
columns correspond to triangles.

Since the minimal relation cell contains four triangular faces, the boundary matrix has di-
mension

6 x 4.



A key property of this matrix is that its rank is three.

This can be understood geometrically. The four triangular faces together form the closed
surface of a tetrahedral structure, and therefore one linear relation exists among their boundaries.

Consequently

rank(0s) = 3.

This implies that the number of independent loop boundaries is three.

(s (triangles) dimCy =4
Do
C (edges) dimC; =6
2]
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Figure 2: Chain complex structure of the present relation network. The rank of the boundary
operator 0, is three, leading to three independent loop phases.

S Independent Loop Phases

The triangular loops correspond to phase degrees of freedom associated with the circulation of
relational information along the loop.
Let

(bh ®2a ¢3

denote the independent loop phases.
Thus the loop phase space can be written as

@ - (q)lu q)27 (I)3>

These phases are naturally represented as complex phase factors

e a=1,23.

Therefore the loop phase space forms a three — dimensional phase manifold.

6 Emergence of SU(2) Symmetry

The three independent loop phases generate a natural symmetry structure.
Consider transformations acting on the loop phase vector

o= UP



where U is a unitary transformation.

If we restrict to transformations preserving the total phase norm and the algebra of infinites-
imal phase rotations, the resulting Lie algebra is three — dimensional.

The unique compact Lie group with a three —dimensional simple Lie algebra is SU(2). There-
fore the symmetry group becomes

SU(2).

This result follows from the fact that SU(2) possesses three generators

TlaTQaT3a

which correspond directly to the three independent loop phase directions.

Thus the homological structure of the present relation network naturally generates the algebra
of SU(2).

In this interpretation the generators correspond to infinitesimal transformations of the loop
phase configuration.

More precisely, the three independent loop phases generate a three —dimensional Lie algebra
of infinitesimal phase transformations.

Any compact Lie group whose algebra possesses three generators with closed commutation
relations is locally isomorphic to the algebra su(2).

Therefore the loop phase algebra can be naturally identified with the su(2) structure.

Information variables

Relation network

Triangle loops

Loop phase space

SU(2) SU(3)
U(1)

Figure 3: Emergence of gauge symmetry from the topology of the relation network. Loop phase
degrees of freedom generate the symmetry structure SU(3) x SU(2) x U(1).

7 Spinor Structure

An important consequence of SU(2) symmetry is the appearance of spinor representations.
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Let

o= ()

denote a two — component spinor field.
Under SU(2) transformations

Y —= Uy,

with

U = exp(i0,T,).

Because SU(2) is the double cover of the spatial rotation group, spinor states exhibit the
characteristic property

$(2m) = —.

This provides a natural mechanism for the emergence of fermionic degrees of freedom within
the present framework.

In this picture, fermions correspond to localized spinor excitations of the loop phase struc-
ture.

8 U(1) Phase Symmetry

In addition to the three independent loop phases, the system possesses a global phase degree of
freedom.
Let the loop phase vector be written as
O = (Dq, Dy, P3).

A global phase transformation

b, > P, +«
leaves the relational structure invariant.
This transformation corresponds to the group
U(1).

Thus the relation loop phase structure naturally contains the symmetry

SU(2) x U(1),

which is precisely the gauge symmetry underlying the electroweak sector of the Standard
Model.

In this framework the U(1) symmetry corresponds to the global phase invariance of the re-
lational loop configuration.



9 Extension of the Loop Phase Space

The three loop phases form a vector space which can be treated as a complex three — component
object

dy
O =\ P
D3

Transformations acting on this space can be represented by unitary 3 X 3 matrices

®— U,
with

UeU(3).
The group U (3) can be decomposed as

U(3) = SU(3) x U(1).

The traceless sector of this transformation corresponds to the special unitary group SU(3).

10 Emergence of SU(3) Symmetry

The group SU(3) possesses eight generators

T,, a=1,...,8.

These generators describe independent transformations in the three — dimensional complex
loop phase space.

Within the present framework this symmetry arises naturally from the possible unitary trans-
formations acting on the loop phase vector.

Thus the relational loop structure suggests a symmetry structure compatible with SU (3).

This symmetry can be interpreted as the origin of the color symmetry associated with the
strong interaction.

11 Gauge Field Interpretation

Gauge fields appear as dynamical fluctuations of the loop phase configuration.
Infinitesimal transformations of the loop phase vector can be written as

O — P+ 16, T,P.
Promoting the transformation parameters to spacetime-dependent fields introduces gauge
fields
a
Al
These fields correspond to vector excitations propagating through the information relation

network.
Within this interpretation



» SU(2) gauge fields correspond to electroweak interactions.

» SU(3) gauge fields correspond to color interactions.

12 Particle Interpretation

Different types of particle excitations correspond to different representations of the loop phase
structure.

12.1 Scalar Modes

Scalar excitations correspond to fluctuations in the magnitude of the loop phase configuration.
These modes behave similarly to Higgs-like scalar fields.

12.2 Vector Modes

Vector excitations correspond to gauge fields generated by local phase transformations of the
loop structure.
These modes represent gauge bosons.

12.3 Spinor Modes

Spinor excitations arise from the SU(2) structure of the loop phase space and correspond to
fermionic particles.

Localized spinor excitations propagate along the relation network and can be interpreted as
matter fields.

Thus within the present framework the three major classes of particles emerge naturally from
the relational topology:

¢ Scalar modes
* Vector gauge modes

 Spinor fermion modes

13 Mass Without the Higgs Mechanism

In the conventional formulation of the Standard Model, particle masses are generated through
the Higgs mechanism. In the present framework, however, mass can be interpreted in a different
way.

The fundamental degrees of freedom of the model are loop phases associated with the rela-
tional topology of the information network. Excitations of these loop phases carry energy.

When the loop configuration deviates from its minimal topological state, the system acquires
curvature in the loop phase space. This curvature corresponds to stored energy in the relational
structure.

We therefore interpret particle mass as the energy associated with stable localized curvature
of the loop phase configuration.

In this view, the Higgs particle may correspond to a scalar excitation of the loop structure,
but the generation of mass itself does not require a symmetry-breaking Higgs mechanism.
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Figure 4: Particle types emerging from loop phase excitations in the present framework. Scalar
modes correspond to Higgs-like particles, vector modes correspond to gauge bosons, and spinor
modes correspond to fermions.

14 Discussion

The Hierarchical Information Propagation Model suggests that the symmetry structure of parti-
cle physics may originate from the topology of an underlying information network.

Starting from a minimal relational structure consisting of four information variables and six
relations, the model generates triangular loops that possess nontrivial homological properties.

The existence of three independent loop phases naturally leads to the algebraic structure
of SU(2), while transformations in the loop phase space give rise to a U(3) symmetry whose
traceless component corresponds to SU (3).

In this framework, gauge fields emerge as vector excitations of loop phases, while fermions
correspond to spinor excitations associated with the SU(2) structure.

The model therefore provides a possible topological origin of the gauge symmetry structure

SU(3) x SU((2) x U(1).

Rather than being fundamental assumptions, these symmetries may arise as emergent prop-
erties of information propagation in relational networks.

If confirmed, this perspective suggests that gauge symmetries may not be fundamental inputs
of physical theory but emergent properties of minimal relational information structures.

15 Connection to the Standard Model and Gravity

The present work focuses on the structural origin of gauge symmetries from minimal information
relation networks. Although the present analysis is primarily topological, the resulting symmetry
structure suggests possible connections to the Standard Model and gravitational physics.

First, the loop phase degrees of freedom naturally admit local transformations. When the
phase rotations become spacetime-dependent, connection fields appear in the standard manner
of gauge theory. These connection fields can be interpreted as gauge fields associated with the
symmetry groups

SU(3) x SU(2) x U(1).
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Second, fermionic excitations associated with the SU(2) structure can couple to these gauge
fields through covariant derivatives, suggesting a possible emergence of matter — gauge interac-
tions similar to those appearing in the Standard Model.

Finally, the relation network itself may serve as a discrete geometric substrate. Curvature in
the propagation of loop phases could generate effective geometric structures, potentially provid-
ing a mechanism for the emergence of spacetime geometry and gravitational dynamics.

A full dynamical formulation connecting the present relational framework to quantum field
theory and gravity will be developed in future work.

16 Future Directions

Several directions remain to be explored.

First, the dynamics of loop phase propagation must be formulated in a fully relativistic frame-
work. This would allow the model to reproduce the known field equations governing particle
interactions.

Second, the relation network may provide a natural mechanism for the emergence of space-
time geometry. If spacetime itself arises from the structure of information relations, gravitational
phenomena could potentially be derived from the same framework.

Third, the particle spectrum of the Standard Model should be examined in more detail to
determine whether the present structure can reproduce the observed fermion generations and
interaction strengths.

These questions will be investigated in future work.

Another important direction is the numerical simulation of loop phase dynamics on relation
networks. Such simulations could clarify how gauge-like interactions emerge from local phase
propagation.
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