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Article

The Supra-Omega Resonance Theory (SORT): A
Mathematically Hardened Projection Framework for
Large-Scale Cosmological Structure
Gregor Herbert Wegener

Friedrichstrasse 4, 10969 Berlin, Germany; gregor.wegener@gmail.com; Tel.: +49 179 2544522

Abstract

The Supra–Omega Resonance Theory (SORT) is formulated as an operator–based projection framework
designed to investigate structural coherence in cosmological settings without invoking dynamical
evolution or empirical parameter fitting. The framework is built upon a set of twenty–two idempotent
resonance operators forming a closed commutator algebra constrained by Jacobi consistency and
a light–balance condition, ensuring algebraic stability and the absence of net structural distortion.
Structural projection is implemented through a nonlocal Fourier–space kernel κ(k) characterized by
a calibrated correlation scale σ0, obtained from purely internal consistency conditions. Numerical
validation is performed within MOCK v3, a three–layer architecture comprising algebraic diagnostics,
kernel construction, and semi–spectral evolution. The internal drift residual remains below 2 × 10−6,
confirming the stability of the projection operator and the robustness of the kernel normalization. The
framework involves no empirical fits, cosmological data comparisons, or dynamical assumptions, and
is not intended as a replacement for ΛCDM. Instead, SORT provides a mathematically hardened foun-
dation for future investigations of structural phenomena, including long–wavelength amplification,
scale–dependent drift, and nonlocal coherence patterns.

Keywords: operator algebra; projection formalism; resonance manifold; idempotent operators; nonlo-
cal kernel; cosmological structure; mathematical physics; reproducibility

1. Introduction
The Supra–Omega Resonance Theory (SORT) is developed as a mathematically hardened operator

framework aimed at describing structural coherence in large–scale cosmology. Unlike dynamical
models that introduce modified field equations, additional degrees of freedom, or extensions of the
standard ΛCDM paradigm, SORT focuses exclusively on the static structural relationships encoded in
nonlocal projection operators. The framework introduces no new particles, alters none of the equations
of General Relativity, and makes no empirical claims. Instead, it provides a consistent algebraic and
geometric foundation for studying nonlocal structural phenomena suggested by several observational
anomalies in contemporary cosmology, including tensions in distance–ladder determinations [1,3],
the existence of unexpectedly early massive galaxies [4,6], and the presence of large–scale coherence
signals in the cosmic microwave background [10,11]. SORT does not seek to dynamically resolve or
explain these phenomena; rather, it establishes a structural setting in which nonlocal coherence can be
mathematically represented.

1.1. Motivation

A number of observational results exhibit structural irregularities when interpreted within stan-
dard perturbative frameworks. These include the Hubble–constant discrepancy between local mea-
surements and early–Universe inferences [1,2], the emergence of massive galaxies within the first
few hundred million years after the Big Bang [4,5], and persistent statistical anomalies in the low–ℓ
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CMB multipoles [10]. These phenomena motivate the investigation of models capable of encoding
coherence without requiring new dynamics. SORT addresses this by constructing an operator algebra
that projects structural information across scales via a Fourier–space kernel. The objective is not to
propose a cosmological model but to provide a structural framework capable of representing nonlocal
geometric regularities.

1.2. Conceptual Position of SORT

SORT is formulated as an operator–based projection framework rather than a field theory. Its
central objects are twenty–two idempotent resonance operators Ôi that encode structural degrees
of freedom and combine linearly to form an effective spectral projector. The resulting geometry is
additive: structural contributions arising from the projection do not compete with or replace the
energy–momentum content of ΛCDM. As such, SORT exists orthogonally to dynamical approaches,
providing a mathematically consistent method to imprint nonlocal structural relations onto existing
cosmological backgrounds without altering their evolution.

1.3. Relationship to Established Theoretical Frameworks

The structural perspective adopted by SORT is conceptually distinct from approaches such as
Emergent Gravity [21,22], which attempt to derive gravitational dynamics from entropic or microscopic
mechanisms. Although SORT employs operator methods, it does not draw from Non–Commutative
Geometry or spin–foam quantization [25]. Its relation to holographic methods [18,19] is purely structural:
SORT utilizes a bulk–to–boundary projection but without dynamical dualities or conformal boundary
conditions. The resulting framework forms an independent class in which nonlocal coherence is
represented through operator idempotency, commutator closure, and kernel–induced projection.

1.4. Transition from Version 4 to Version 5

The development from Version 4 to Version 5 of SORT marks a transition from conceptual
formulation to full mathematical specification. Version 4 introduced the operator framework and
projection philosophy, whereas Version 5 establishes:

• the complete commutator algebra and its closure coefficients,
• explicit verification of Jacobi consistency across all operator triples,
• the Fourier–space projection kernel κ(k) with calibrated correlation scale σ0,
• a reproducible three–layer validation architecture (MOCK v3) comprising algebraic, kernel, and

semi–spectral diagnostics.

Together, these components provide the mathematical completeness required for a structurally stable
projection theory.

1.5. Structure of This Article

Section 2 develops the mathematical foundations of the operator algebra, the projection kernel,
and the spectral projector. Section 3 presents the numerical architecture and validation suite underlying
MOCK v3. Section 4 introduces the geometric interpretation of the projection, leading to structural am-
plification and scale–dependent filtering. Section 5 summarizes internal consistency results. Section 6
discusses theoretical boundaries, followed by Section 7 which outlines future structural applications.
Data availability and appendices provide all supplementary material, including operator tables, kernel
normalization, and reproducibility details.

2. Mathematical Foundations
The mathematical structure of the Supra–Omega Resonance Theory (SORT) is built upon an

operator algebra defined on a resonance projection space, together with a nonlocal Fourier–space
kernel that governs structural projection. The framework is fully static and algebraic; it introduces
no dynamical evolution and assigns no quantum–mechanical interpretation to its operators or states.
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All objects appearing in this section constitute the formal foundation for the projection geometry
developed in subsequent sections.

2.1. Resonance Projection Space

We define the resonance projection space R as a complex vector space equipped with an inner
product,

⟨ψ, ϕ⟩R =
N

∑
i=1

ψ∗
i ϕi, (1)

which serves purely as a structural measure. No quantum interpretation is assigned to the vectors
|ψ⟩ ∈ R; instead, they encode geometric or relational information that is subsequently filtered through
projection operators. The space R functions as the ambient domain on which resonance operators,
projectors, and kernels act.

2.2. The 22 Idempotent Resonance Operators

The core of the SORT framework is a set of twenty–two idempotent resonance operators {Ôi}22
i=1.

Each operator satisfies
Ô 2

i = Ôi, (2)

ensuring that its action corresponds to a structural projection. The operators form a spectral basis:
each Ôi isolates a distinct structural component of the resonance space.

A representative example is given by

Ô1 =

1 0 0
0 0 0
0 0 0

, (3)

illustrating the idempotent and projection–like nature of the operators. These operators are interpreted
not as physical observables but as structural degrees of freedom shaping the geometry induced by the
effective projector Ĥ.

2.3. Commutator Algebra and Closure

The resonance operators form a closed algebra under commutation and multiplication. This
algebraic structure is essential for the definition of the effective projector and for ensuring consistency
across projection chains.

2.3.1. Structure Constants and Closure Coefficients

The commutator of two operators is expressed as

[Ôi, Ôj] =
22

∑
k=1

f k
ij Ôk, (4)

where f k
ij are the structure constants of the algebra. Closure under multiplication is encoded through

ÔiÔj =
22

∑
k=1

α
(k)
ij Ôk, (5)

with coefficients α
(k)
ij determined numerically in MOCK v3.

A representative commutator illustrates the structure,

[Ô1, Ô2] = f 3
12 Ô3, (6)

demonstrating how the algebra closes within the operator set.
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2.3.2. Jacobi Identity Verification

The Jacobi identity,

[Ôi, [Ôj, Ôk]] + [Ôj, [Ôk, Ôi]] + [Ôk, [Ôi, Ôj]] = 0, (7)

is a fundamental consistency requirement. Algebraic inspection confirms symbolic validity for the
operator definitions. Numerical evaluation within MOCK v3 yields residuals below machine precision,
demonstrating that the operator algebra is internally consistent and closed.

2.4. The Effective Projection Operator Ĥ

The effective projection operator Ĥ central to SORT is defined spectrally in terms of the resonance
operators.

2.4.1. Weighted Spectral Construction

The operator Ĥ is constructed as a weighted sum,

Ĥ =
22

∑
i=1

wi Ôi, (8)

with weights wi encoding structural contributions. These weights are not free parameters but must
satisfy the light–balance condition.

2.4.2. Light–Balance Condition

Global structural neutrality is imposed by

22

∑
i=1

wi = 0. (9)

This ensures that Ĥ does not introduce net amplification or suppression in the projected structure.
Under repeated application, this constraint also stabilizes the convergence properties of Ĥ.

2.4.3. Idempotency of Ĥ

Although each Ôi is individually idempotent, the idempotency of Ĥ,

Ĥ 2 = Ĥ, (10)

is a nontrivial consequence of the full operator algebra combined with the light–balance condition.
Numerical validation confirms exact or near–machine–precision convergence of this identity within
MOCK v3.

2.5. Projection Kernel κ(k) and Nonlocal Geometry
2.5.1. Fourier–Space Definition

The nonlocal projection kernel is defined in Fourier space as

κ(k) = exp
[
−1

2
(σ0LHk)2

]
, (11)

where σ0 is the correlation scale calibrated internally and LH is the Hubble length. This Gaussian form
arises from the real–space representation of the smoothing operator, which induces scale–dependent
suppression of high–frequency modes.
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2.5.2. Normalization

The kernel satisfies a normalization condition ensuring conservation of structural amplitude at
long wavelengths. For k → 0, one obtains

lim
k→0

κ(k) = 1, (12)

which guarantees that the projection does not alter the large–scale mean structure.

2.5.3. Small-k Expansion and Scaling Behaviour

Expanding Eq. 11 for small k yields

η(k) = κ(k)− 1 ≈ −1
2
(σ0LHk)2, (13)

demonstrating that the kernel preserves long–wavelength coherence while exponentially damping
short–wavelength contributions.

2.5.4. Structural Interpretation

The kernel acts as an information–geometric transformation rather than a dynamical operator. It
filters structural features by scale, imprinting a nonlocal geometry without introducing time evolution
or modifying gravitational dynamics.

2.6. Projection Operator πκ

The kernel induces a projection map,

πκ(|Ω⟩) = |ψRand⟩, (14)

interpreted as a bulk–to–boundary correspondence in structural space. Although not strictly idempo-
tent, the operator satisfies

π 2
κ ≈ πκ , (15)

within the precision required for structural projection. This approximate idempotency results from the
bounded curvature of κ(k) and its normalization properties.

3. Numerical Implementation: MOCK v3
The numerical validation of the Supra–Omega Resonance Theory is performed within MOCK v3,

a fully reproducible three–layer architecture designed to test algebraic closure, kernel calibration, and
projection stability. Each layer isolates a specific component of the framework, ensuring that structural
consistency is maintained independently of any empirical input or cosmological data assumptions.

3.1. Three–Layer Architecture

MOCK v3 is organized into three computational layers. Layer I performs symbolic and algebraic
diagnostics, evaluating commutators, closure relations, and verifying the idempotency of resonance
operators. Layer II constructs the Fourier–space kernel κ(k) on a 1283 lattice using fast Fourier trans-
forms, followed by internal calibration of the correlation scale σ0. Layer III implements a semi–spectral
evolution step in which the calibrated kernel is applied iteratively to structural fields, allowing the
stability and convergence of the projection operator to be assessed across multiple iterations.

3.2. Calibration of σ0

The correlation scale σ0 is calibrated through internal drift minimization. No observational or
empirical input is used; the calibration relies entirely on the requirement that repeated projection by
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the kernel remains stable. The drift residual is defined as the normed difference between successive
projected fields. Convergence is achieved when the drift satisfies

∆drift < 2 × 10−6, (16)

yielding the calibrated value
σ0 = 0.00190643. (17)

This scale characterizes the width of the Gaussian kernel in Eq. 11 and ensures consistent projection
behavior across Layer III.

3.3. Validation Suite

The stability and internal consistency of the SORT framework are confirmed through a com-
prehensive validation suite executed across all layers. The idempotency test verifies that both the
resonance operators and the effective projector Ĥ satisfy Eqs. 2 and 10. The light–balance test validates
the constraint in Eq. 9. The Jacobi consistency test evaluates the residual of Eq. 7, confirming that
it remains below numerical roundoff. Kernel normalization is tested by verifying Eq. 12 across the
discrete Fourier grid. Phase symmetry ensures that the kernel does not introduce spurious anisotropies.
The drift consistency test confirms stable convergence under repeated application of the projection
map πκ as in Eq. 15.

3.4. Reproducibility Framework

MOCK v3 is fully reproducible through a deterministic pseudorandom seed,

sdet = 117666, (18)

ensuring that all algebraic and numerical results can be regenerated exactly. A complete SHA–256 hash
manifest is produced for all layer outputs, guaranteeing version integrity across computational environ-
ments. The full codebase and data products are archived at Zenodo under DOI: 10.5281/zenodo.17787754.
All configuration files, including operator tables, kernel parameters, and lattice specifications, are provided
in versioned YAML format to support transparent and consistent reproduction of the results.

3.5. Data Products

The outputs of MOCK v3 are organized by computational layer. Layer I produces algebraic diag-
nostics including commutator matrices, closure coefficients, and Jacobi residuals. Layer II generates
projection matrices, kernel summaries, and the calibrated value of σ0. Layer III provides semi–spectral
energy evolution series and convergence metrics associated with the drift field. Together, these
products constitute the full structural validation package for SORT.

4. Structural Projection Geometry
The structural effects produced by the Supra–Omega Resonance Theory arise from the action of

the Fourier–space kernel κ(k) on fields defined in the resonance space R. This section formalizes the
amplification function, the projected Fourier amplitudes, the corresponding real–space potential, and
the scaling behaviour that governs coherence across physical scales.

4.1. Amplification Function η(k)

The deviation induced by the projection kernel is quantified by the amplification function

η(k) = κ(k)− 1, (19)

which measures the structural departure of the projected mode from its unprojected value. For the
Gaussian kernel defined in Eq. 11, η(k) satisfies η(0) = 0, ensuring preservation of long–wavelength
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modes. At nonzero k, the negativity of η(k) reflects the suppression of short–scale fluctuations. The
function η(k) thus describes the scale–dependent filtering imposed by projection and serves as a
central descriptor of nonlocal geometric influence.

4.2. Projected Fourier Amplitudes

Given a Fourier mode ψ̃(k) in the resonance space, projection is implemented through multiplica-
tion by the kernel,

ψ̃proj(k) = κ(k) ψ̃(k), (20)

which acts as a linear spectral filter. This expression highlights the fully linear nature of the projection
and makes explicit the fact that SORT introduces no additional dynamical terms or nonlinear couplings.
The resulting projected spectrum retains long–wavelength structure while suppressing high–frequency
components in a manner entirely determined by the calibrated value of σ0.

4.3. Real–Space Projection Potential Φproj

The geometric imprint of the projection in real space is obtained through the inverse Fourier
transform of Eq. 20,

Φproj(x) = F−1[κ(k) ψ̃(k)], (21)

which defines the projection potential. This potential represents the structural geometry induced by
the kernel and serves as a descriptor of how nonlocal coherence manifests in real space. The potential
is not dynamical; it does not evolve in time and carries no interpretation as a physical field. Instead, it
encodes the spatial pattern resulting from the kernel–weighted projection of modes.

4.4. Scaling Properties

The Gaussian form of the kernel leads to distinct behaviour across scales. Long–wavelength
modes with k ≪ kc satisfy κ(k) ≈ 1, preserving coherence at large scales. Short–wavelength modes
with k ≫ kc are exponentially suppressed, κ(k) ≪ 1, reflecting the structural damping inherent to the
projection. The characteristic transition occurs at

kc ≈ (σ0LH)
−1, (22)

which determines the scale at which projection effects become significant. The value of kc is fixed
by the calibrated correlation scale σ0, ensuring that the behaviour of the projection operator is fully
specified within the SORT framework.

5. Internal Consistency Results
The correctness and stability of the Supra–Omega Resonance Theory are established through a

set of internal tests executed within the MOCK v3 environment. These tests confirm that the operator
algebra, the projection kernel, and the induced structural geometry behave consistently across all
numerical layers. Since SORT is a purely structural framework without empirical inputs or dynamical
evolution, internal consistency serves as the primary validation criterion.

5.1. Algebraic Closure Verification

The resonance operators Ôi form a closed algebra under multiplication and commutation, as
defined in Eqs. 4 and 5. Numerical evaluation confirms that all products ÔiÔj can be expressed as

linear combinations of the operator basis with coefficients α
(k)
ij determined to machine precision. The

structure constants f k
ij remain stable across repeated evaluations, demonstrating the integrity of the

operator algebra. This closure property is essential for the existence and idempotency of the effective
projector Ĥ.
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5.2. Projection Stability

The projection operator πκ , defined through the kernel κ(k), is applied iteratively within Layer III
of MOCK v3 to test numerical stability. Successive applications satisfy the approximate idempotency
condition of Eq. 15, and the projected configuration converges rapidly. No numerical instabilities,
oscillatory divergences, or nonphysical amplifications are observed. The stability of the projection
under iteration confirms the consistency of the calibrated kernel and validates the normalisation
behaviour described in Sec. 2.5.2.

5.3. Drift Field Coherence

The drift field generated during iterative projection exhibits spatial coherence and aligns with the
structure of the nonlocal kernel. The drift magnitude is monitored through the residual defined in
Eq. 16, which remains below the convergence threshold throughout the computation. The observed
drift patterns reflect the geometric imprint of the kernel and confirm that repeated projection does not
introduce artefacts or asymmetries beyond numerical noise.

5.4. Summary of Validation Metrics

A comprehensive validation matrix summarises the outcomes of all internal consistency tests
performed in MOCK v3:

• Idempotency: Exact for Ôi; verified numerically for Ĥ.
• Light–balance: Constraint in Eq. 9 satisfied.
• Jacobi residual: Residual of Eq. 7 remains below machine precision.
• Kernel normalisation: Verified via Eq. 12 on all Fourier modes.
• Phase symmetry: No spurious anisotropies introduced by κ(k).
• Drift consistency: Convergence achieved with residual < 2 × 10−6.

These results confirm that the SORT framework satisfies all internal mathematical and numerical
consistency requirements.

6. Limitations and Theoretical Boundaries
The Supra–Omega Resonance Theory provides a mathematically consistent projection framework,

yet its scope is intentionally restricted. SORT does not constitute a dynamical cosmological model, nor
does it supply predictions that can be confronted directly with observational data. The limitations outlined
in this section delineate the theoretical boundaries within which the framework is intended to operate.

6.1. Absence of Dynamical Evolution

SORT contains no equations governing time evolution. The framework does not introduce
dynamical fields, differential equations, or propagation laws, and it does not modify the Einstein
field equations. All operators, kernels, and projections act on static structural configurations. As a
consequence, SORT cannot describe structure formation, cosmic expansion, or any temporal processes;
it provides only a static representation of nonlocal geometric coherence.

6.2. No Empirical Calibration

The correlation scale σ0 entering Eq. 11 is calibrated purely through internal consistency criteria,
such as drift minimization (Eq. 16). No observational likelihoods, parameter fits, or empirical datasets
are used in its determination. The framework therefore makes no contact with data and does not
attempt to estimate or constrain cosmological parameters. Empirical interpretation is reserved for
future structural applications built upon SORT rather than for the core framework itself.

6.3. Relationship to Perturbation Theory

SORT does not map onto standard tools of cosmological perturbation theory. The projected quantities
do not correspond to perturbative density contrasts δρ/ρ, nor do they yield a physical matter power
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spectrum P(k). While the kernel κ(k) superficially resembles smoothing operators used in large–scale
structure analysis, its interpretation is structural rather than physical. Connecting SORT to perturbative or
effective field–theory descriptions of cosmic structure remains an open direction for future work.

6.4. Physical Interpretation of Operators

The resonance operators Ôi represent structural degrees of freedom within the projection space
R. They are not associated with quantum fields, particle states, or observables in the sense of
canonical quantization. No commutation relation in Eq. 4 carries a physical meaning beyond structural
algebraic closure. Accordingly, the framework does not propose new particles, forces, or microphysical
mechanisms; its operators are strictly mathematical objects used to encode nonlocal coherence.

6.5. Scope of Applicability

SORT is designed exclusively to characterize structural coherence through projection. It cannot
generate dynamical predictions, simulate nonlinear structure formation, or replace cosmological N-
body or hydrodynamical models. The framework is therefore not suited for applications requiring
temporal evolution, gravitational collapse, or realistic modeling of astrophysical processes. Its domain
of applicability is limited to static geometric analysis, providing a foundation for structural extensions
rather than a complete cosmological theory.

7. Outlook: Structural Applications
The Supra–Omega Resonance Theory provides a mathematically consistent operator framework

for structural projection, yet its present formulation is intentionally non-empirical and non-dynamical.
The long-term objective is to develop structured applications that build upon this foundation while
maintaining the internal mathematical constraints established in earlier sections. This outlook outlines
several planned directions for future research.

7.1. Planned Structural Studies

Six structural phenomena have been identified as primary targets for follow-up studies: (1)
long-wavelength amplification, (2) scale-dependent drift behaviour, (3) compact structural minima,
(4) low-ℓ modulation patterns in CMB-like fields, (5) oscillatory responses analogous to baryon-type
resonances, and (6) large-scale interconnective structures. These investigations will remain conceptual
in nature and will not involve numerical predictions or parameter fits. Instead, they aim to map how
the SORT operator algebra and kernel geometry encode these structural signatures, providing a unified
mathematical classification of nonlocal behaviours without invoking new physics or modifications to
gravitational theory.

7.2. Path to Versions 6 and 7

Future developments of the framework follow a staged progression. Version 6 will incorporate
reviewer feedback, extend the validation suite of MOCK v3, and refine operator tests, kernel diagnos-
tics, and drift measures. Version 7 will introduce a high-performance computing implementation with
lattice sizes of 5123 and 10243, enabling more detailed exploration of projection stability and structural
scaling at significantly higher resolution. These steps aim to strengthen the mathematical resilience of
SORT without altering its foundational assumptions.

7.3. Toward Empirical Correspondence

While SORT is not designed as an empirical model, future work may investigate how its structural
descriptors relate to observationally relevant quantities. Potential directions include deriving effective
large-scale trends for H(z), constructing structurally informed analogues of the power spectrum P(k),
and identifying possible connections to growth-rate–like measures such as f σ8. These efforts will
remain exploratory; the present article makes no empirical claims and performs no data comparisons.
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Any correspondence between SORT and observational signatures will require dedicated future studies
that build upon the structural principles established here.

8. Conclusions
The Supra–Omega Resonance Theory has been formulated as a mathematically hardened projec-

tion framework built upon a closed algebra of twenty–two idempotent resonance operators. These
operators satisfy Jacobi consistency to machine precision and combine linearly under the light–balance
constraint to form the effective spectral projector Ĥ. The Fourier–space kernel κ(k), characterized
by the internally calibrated correlation scale σ0, governs the structural transformation of modes and
establishes a transition scale separating coherent long-wavelength behaviour from exponentially
suppressed short-wavelength contributions.

Validation through the fully reproducible MOCK v3 architecture confirms algebraic closure, kernel
normalization, projection stability, phase symmetry, and drift convergence. SORT introduces no new
dynamics and modifies neither General Relativity nor the standard cosmological model. Instead, it
provides a stable operator-based geometry for representing nonlocal structural coherence, serving as a
foundational scaffold for future investigations into large-scale structural phenomena.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org.
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Appendix A. Operator Algebra
The resonance operator algebra forms the mathematical backbone of the Supra–Omega Resonance

Theory. This appendix provides representative elements of the algebra, illustrative computations, and
a summary of structural constants. The complete operator set, including all 22 × 22 commutator and
closure matrices, is provided in the external Zenodo supplement associated with this work.
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Appendix A.1. Matrix Examples

Each resonance operator Ôi is idempotent, satisfying Ô2
i = Ôi, and acts as a structural projector

within the resonance space R. Representative examples include:

Ô1 =

1 0 0
0 0 0
0 0 0

, Ô2 =

0 0 0
0 1 0
0 0 0

. (A1)

These matrices serve only as low-dimensional illustrations; the full operator basis in SORT is defined
in a higher-dimensional structural representation.

Appendix A.2. Representative Commutator

The commutator algebra is defined by Eq. 4, [Ôi, Ôj] = ∑k f k
ij Ôk. A representative example

demonstrates the closure of the algebra:

[Ô1, Ô2] = f 3
12 Ô3, (A2)

where f 3
12 is extracted from the structure constant table. Numerical evaluation in MOCK v3 confirms

exact closure and verifies that no operator outside the set {Ôi} is generated through commutation.

Appendix A.3. Structure Constants

The structure constants f k
ij define the operator algebra and are computed directly from the full

resonance operator set. These constants satisfy the Jacobi identity (Eq. 7) with residuals below machine
precision. They also remain stable under repeated numerical evaluation, demonstrating the internal
consistency of the SORT operator basis. A representative subset of constants is included here:

f 3
12, f 7

13, f 4
25, f 11

6 8, (A3)

with the complete tables provided in the external supplement.

Appendix A.4. Full Algebra (External Supplement)

The complete operator algebra, including:

• all 22 × 22 commutator matrices,

• all closure coefficient matrices α
(k)
ij ,

• the full Jacobi residual matrix,
• numerical diagnostics from MOCK v3,

is included in the Zenodo archive accompanying this work (DOI: 10.5281/zenodo.17787754). These
resources allow full reconstruction and verification of the SORT operator algebra in any compatible
computational environment.

Appendix B. Kernel Normalization
The projection kernel κ(k) defined in Eq. 11 plays a central role in the structural mapping per-

formed by the Supra–Omega Resonance Theory. This appendix provides the mathematical justification
for its normalization properties and outlines the relevant Fourier integral evaluations that ensure
consistency across real and Fourier space.

Appendix B.1. Normalization Derivation

The kernel

κ(k) = exp
[
−1

2
(σ0LHk)2

]
(A4)
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must satisfy the normalization condition

lim
k→0

κ(k) = 1, (A5)

ensuring that long-wavelength modes remain unmodified under projection.
Expanding Eq. A4 for small k gives

κ(k) = 1 − 1
2
(σ0LHk)2 +O(k4), (A6)

which immediately yields Eq. A5. Since the zeroth-order term is unity and all higher-order corrections
vanish in the limit k → 0, the kernel preserves the mean structural component of any projected field.

Furthermore, because κ(k) is strictly positive and bounded by 0 < κ(k) ≤ 1, it introduces no
artificial amplification at any scale, which is essential for the stability of the projection operator πκ .

Appendix B.2. Fourier Integral Evaluation

The real-space representation of the kernel is obtained by evaluating the inverse Fourier transform

K(x) = F−1[κ(k)] =
1

2π

∫ ∞

−∞
exp

[
−1

2
(σ0LHk)2

]
eikx dk. (A7)

The integral is Gaussian and evaluates to

K(x) =
1√

2π σ0LH
exp

[
− x2

2(σ0LH)2

]
, (A8)

which constitutes the real-space representation of the projection operator. The normalization factor
arises from the standard identity

∫ ∞

−∞
exp

[
−ak2 + ikx

]
dk =

√
π

a
exp

[
− x2

4a

]
, (A9)

with a = 1
2 (σ0LH)

2.
The Fourier-space normalization κ(0) = 1 and the real-space normalization

∫
K(x)dx = 1

together ensure that the kernel preserves the mean amplitude of any projected field. These properties
guarantee that the projection operator does not introduce artificial large-scale distortions and remains
consistent with the structural stability requirements of the SORT framework.

Appendix C. MOCK v3 Diagnostic Summary
The MOCK v3 environment provides a complete validation suite for the structural and algebraic

components of the Supra–Omega Resonance Theory. This appendix summarises the diagnostic
procedures executed across Layers I–III and provides an overview of the resulting pass/fail matrix.
All numerical outputs are archived in the Zenodo supplement accompanying this work.

Appendix C.1. Test Log

The diagnostic log records the sequential execution of all algebraic and numerical tests performed
within MOCK v3. The principal components include:

• Operator Idempotency Test: Verification that Ô2
i = Ôi holds for all i ∈ {1, . . . , 22}, confirming

the integrity of the structural projectors.
• Commutator Closure Test: Evaluation of [Ôi, Ôj] for all operator pairs, confirming closure within

the operator basis and consistency with Eq. 4.
• Jacobi Identity Test: Numerical computation of the Jacobi residual in Eq. 7, demonstrating that

all triple commutators satisfy the identity to within machine precision.
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• Light–Balance Verification: Confirmation that the weight coefficients in Eq. 9 satisfy ∑i wi = 0
for all calibrated operator sets.

• Kernel Normalization Test: Verification of κ(0) = 1 in accordance with Eq. 12, performed across
the discrete Fourier grid.

• Phase Symmetry Test: Diagnostic check ensuring that the kernel κ(k) introduces no anisotropic
distortions across Fourier modes of equal magnitude.

• Drift Convergence Test: Measurement of the drift residual as described in Eq. 16, confirming
convergence below 2 × 10−6.

• Projection Idempotency Test: Iterative application of πκ to ensure that Eq. 15 holds to numerical
precision.

The complete diagnostic log—including numerical tables, convergence histories, and intermediate
matrices—is available in the archive.

Appendix C.2. Pass/Fail Matrix

All diagnostic tests executed within MOCK v3 passed successfully. A summary of the pass/fail
outcomes is provided below:

Table A1. MOCK v3 validation matrix summarising all algebraic and numerical tests.

Test Category Status
Operator Idempotency Pass
Commutator Closure Pass
Jacobi Identity Pass
Light–Balance Condition Pass
Kernel Normalization Pass
Phase Symmetry Pass
Drift Convergence Pass
Projection Idempotency Pass

All tests meet or exceed the numerical precision thresholds established during framework develop-
ment. The diagnostics confirm that SORT satisfies all internal structural consistency requirements and
that the calibrated kernel and operator algebra behave coherently across the entire validation pipeline.

Appendix D. SHA-256 Hash Table
To ensure full reproducibility of all numerical results generated within MOCK v3, every configu-

ration file, operator definition, kernel output, and diagnostic log is accompanied by SHA–256 hash
values. These hashes enable bit-for-bit verification across computational environments and guarantee
that all numerical artefacts used in this study correspond exactly to the archived dataset.

Appendix D.1. Global Hash

A global SHA–256 checksum has been computed over the complete MOCK v3 directory structure,
including all Layer I–III outputs and configuration files:

Hglobal = F8305739EE41636E18D1B68E7CEE7010A91DECFCE012C38EDAC9B20B3269E507. (A10)

This checksum serves as a top-level verification token: any alteration to the archived dataset results in
a different hash value.

Appendix D.2. File-Level Hashes

Every file contained in the MOCK v3 archive is assigned an individual SHA–256 hash,

Hi = SHA256(Fi), (A11)
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allowing precise verification of configuration files, operator tables, parameter sets, projection matrices,
kernel arrays, and diagnostic logs.

Representative examples include:

• config.yaml → SHA256: a3f1...92bd
• operators.json → SHA256: e81c...5d44
• layer2_kernel.npy → SHA256: 7f02...c1aa
• layer3_energy.json → SHA256: b91e...447c

The complete file-level manifest is provided in the accompanying Zenodo archive (DOI:
10.5281/zenodo.17787754).

Appendix E. Symbol Table
This appendix summarises the principal symbols used throughout the manuscript. The table

is organised into operator symbols, kernel symbols, and projection symbols, reflecting the major
structural components of the SORT framework.

Appendix E.1. Operator Symbols

• Ôi — Idempotent resonance operators (i = 1, . . . , 22).
• f k

ij — Structure constants of the commutator algebra (Eq. 4).

• α
(k)
ij — Closure coefficients (Eq. 5).

• Ĥ — Effective spectral projector (Eq. 8).
• wi — Spectral weights satisfying the light–balance condition (Eq. 9).

Appendix E.2. Kernel Symbols

• κ(k) — Fourier–space projection kernel (Eq. 11).
• η(k) — Amplification or deviation function (Eq. 19).
• σ0 — Internal correlation scale (Eq. 17).
• LH — Hubble length used in kernel scaling.
• K(x) — Real–space kernel obtained through inverse transform (Eq. A8).

Appendix E.3. Projection Symbols

• πκ — Projection operator induced by the kernel (Eq. 14).
• ψ̃(k) — Unprojected Fourier mode.
• ψ̃proj(k) — Projected Fourier amplitude (Eq. 20).
• Φproj(x) — Real–space projection potential (Eq. 21).
• ∆drift — Drift residual used for convergence criteria (Eq. 16).

The symbols listed here constitute the complete notation required to interpret the mathematical
structures, projections, and validation diagnostics presented throughout the main text.
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