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Research Plan: Meta-Analysis of Categorical Equivalence and Scale Invariance

1.0 Deliverable 1: Two Categorical Formulations of Renormalization Group Flow: A Meta-Analysis of
Model Categories versus Natural Transformations

1.1 Research Questions and Objectives

The primary research question for this deliverable investigates the precise mathematical conditions under which the
two documented categorical approaches to renormalization group (RG) flow—Sharpe’s model categories versus
the Harm framework’s natural transformations—are either equivalent or complementary. Secondary questions
explore which mathematical structures in quantum field theory (QFT) can be fully characterized as categorical
equivalences through RG flow, how beta functions correspond to categorical properties within each framework, and
what physical phenomena are uniquely describable by one framework but not the other.

1.2 Methodological Framework

1.2.1 Literature Extraction Protocol

Paper selection is guided by three criteria. First, a theoretical rigor threshold mandates that selected papers must
contain explicit mathematical formalization of RG flow, including a minimum of five equations accompanied by
proofs. Second, a categorical content threshold requires that papers explicitly reference core category theory
concepts, such as categories, functors, or natural transformations. Third, a publication venue filter prioritizes
papers published in journals of mathematical physics with an impact factor exceeding 2.0. The formula extraction
methodology employs LLM-trained pattern recognition for identifying both category-theoretic expressions and
specialized RG flow equations. This automated process is complemented by manual cross-reference verification of
all extracted formulas against their original source documents.

1.2.2 Analytical Framework

The model category analysis protocol encompasses three primary areas. First, an object structure analysis involves
a formal assessment of how quantum field theories are defined at various scales as category objects within the
literature. Second, a morphism structure analysis assesses RG flows as morphisms directed toward lower
energies. Third, a weak equivalence analysis evaluates the implementation of weak equivalences between theories
that flow to the same endpoint. The natural transformation analysis protocol systematically identifies functors  in
documented implementations through a functor identification protocol. This is followed by a natural
transformation component analysis to assess the  components across different scales. Finally, a rigorous
commutativity condition verification is performed to confirm the integrity of commutative diagrams presented in
the literature.

1.3 Expected Findings and Validation Criteria

1.3.1 Equivalence Conditions

S ​λ

η

https://orcid.org/0009-0002-4317-5604


The identification of necessary conditions for equivalence will focus on three areas. First, category-theoretic
isomorphism conditions will define the precise mathematical conditions under which the frameworks are
isomorphic. Second, functorial compatibility requirements will establish the conditions under which the Harm
framework embeds into Sharpe’s model category. Third, physical implementation constraints will define the
physical limitations that determine the applicability of each framework. The sufficient conditions for equivalence
will be established by first identifying category completeness requirements that ensure equivalence. Second, RG
flow structure requirements will define the RG flow properties necessary for framework equivalence. Third, beta
function constraints will specify the behavior of beta functions that ensures this equivalence.

1.3.2 Validation Criteria

Validation of the mathematical consistency will involve three components. First, internal consistency checks will
verify the internal mathematical coherence within each framework. Second, cross-framework consistency will
assess the consistency between frameworks where applicable. Third, literature consistency verification will cross-
reference findings with established mathematical physics literature. Validation of physical implementation will
involve evaluating the implementation completeness—how thoroughly implementations realize categorical
structures. This includes an assessment of physical phenomena coverage by each framework and a precise
implementation boundary mapping to delineate the theoretical limits of each.

1.4 Literature Integration and Contribution

1.4.1 Literature Basis

The literature basis for this deliverable involves a comprehensive analysis of both the Sharpe framework and the
Harm framework. For the Sharpe framework, primary source analysis will directly engage with Sharpe’s
“Categorical Equivalence and the Renormalization Group,” complemented by secondary source verification
through papers citing Sharpe’s work. This will be followed by an implementation pattern analysis to identify
common patterns across the literature. Similarly, for the Harm framework, primary source analysis will involve
direct engagement with its foundational documentation, supported by secondary source verification through
papers implementing the Harm framework, and concluding with an implementation pattern analysis to identify
prevalent implementation approaches.

1.4.2 Contribution to Field

The contribution to the field from this deliverable includes significant theoretical clarification. This involves the
development of a framework distinction protocol to precisely differentiate between the two categorical
approaches, providing implementation guidance for appropriate framework selection, and a precise gap
identification of theoretical shortcomings in current implementations. Furthermore, this work will illuminate future
research pathways, including the development of framework integration pathways to unify the approaches, the
identification of extension opportunities for theoretical advancement, and the exploration of cross-disciplinary
applications in related fields of physics and mathematics.



2.0 Deliverable 2: The Grothendieck Construction as Scale Bridge: A Meta-Analysis of Emergent Scale
Dependence in Scale-Invariant Frameworks

2.1 Research Questions and Objectives

The primary research question for this deliverable investigates how the Grothendieck construction
 provides a mathematical mechanism for implementing scale invariance while allowing for

emergent scale dependence. Secondary questions will explore the precise relationship between the  categories
across different scales, how transition functors  implement scale transformations, and what
mathematical conditions ensure exact scale invariance at a fundamental level while permitting emergent scale
dependence.

2.2 Methodological Framework

2.2.1 Grothendieck Construction Formalization

Formalization of the Grothendieck construction begins with a scaling monoid structure analysis. This protocol
defines the scaling monoid , formalizes its action on the category of scale-dependent theories, and verifies
the constraints that ensure physically meaningful scaling. This is followed by a fiber category analysis, which
defines the categories  at each scale, characterizes the morphisms within these fiber categories, and assesses their
completeness.

2.2.2 Scale Invariance Implementation

The implementation of scale invariance involves two protocols. The fundamental scale invariance protocol
defines pre-geometric structures, analyzes scale invariance at this pre-geometric level, and examines the vanishing
behavior of beta functions. The emergent scale dependence protocol analyzes scale-breaking mechanisms,
assesses emergent geometric descriptions, and investigates the transition of beta functions from vanishing to non-
vanishing states.

2.3 Expected Findings and Validation Criteria

2.3.1 Grothendieck Construction Properties

Expected findings regarding the Grothendieck construction properties include verifying the monoid completeness
and monoid action consistency of the scaling monoid, alongside an assessment of scaling parameter constraints.
Fiber category properties will involve verifying fiber category completeness, assessing fiber morphism
properties, and establishing protocols for cross-fiber compatibility.

2.3.2 Validation Criteria

Mathematical consistency verification will confirm the properties of the Grothendieck construction and scale
invariance, cross-referencing with established mathematical physics literature. Physical implementation verification
will include confirming fixed point stability properties, tracing RG flow pathway properties, and verifying
critical exponent predictions.

2.4 Literature Integration and Contribution

2.4.1 Literature Basis
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The literature basis for this deliverable involves a thorough review of the Grothendieck construction and fixed point
structures. Grothendieck construction documentation will include direct analysis of primary mathematical
literature, an examination of physics implementation literature, and an analysis of scaling monoid implementations.
Fixed point structure documentation will analyze literature on both ultraviolet (UV) fixed points and infrared
(IR) fixed points, alongside a review of fixed point transition literature.

2.4.2 Contribution to Field

This deliverable will contribute significantly to theoretical clarification by formalizing the Grothendieck
construction, providing a clear categorical representation of fixed points, and formalizing RG flow pathway
structures. It will also open future research pathways, including detailed analysis of fixed point transitions and
bifurcation points, and the development of methodologies for critical exponent prediction.

3.0 Deliverable 3: Beta Functions and Categorical Properties: A Meta-Analysis of Vanishing Conditions
Across Scale-Invariant Frameworks

3.1 Research Questions and Objectives

The primary research question for this deliverable investigates the precise mathematical conditions under which
beta functions vanish in different theoretical frameworks, and how these conditions relate to categorical properties.
Secondary questions will explore how beta functions correspond to categorical properties in each framework, what
physical phenomena can be described by frameworks with vanishing beta functions, and how frameworks with
vanishing beta functions at a fundamental level accommodate observed running couplings.

3.2 Methodological Framework

3.2.1 Beta Function Mathematical Structure

The analysis of beta function mathematical structure begins with a fundamental beta function analysis, which
formalizes the definition of beta functions, characterizes fixed points, and defines criteria for vanishing beta
functions. This is followed by an implementation analysis across QFTs, analyzing beta function behavior in
conformal field theories (CFTs), asymptotically free theories, and walking technicolor theories.

3.2.2 Fundamental versus Emergent Scale Invariance

Distinguishing between fundamental and emergent scale invariance involves a mathematical distinction
framework. This framework establishes criteria for defining fundamental and emergent scale invariance, and then
outlines a protocol for defining the boundary between them. This is complemented by a beta function behavior
analysis, which examines beta function behavior at both fundamental and emergent levels, and analyzes the
transition pathways between these states.

3.3 Expected Findings and Validation Criteria

3.3.1 Beta Function Formalization

Expected findings regarding beta function formalization include verification of vanishing conditions, consistency,
and stability of fundamental beta function properties. For emergent beta function properties, verification protocols
will be established for scale-breaking mechanisms, emergent geometric properties, and the emergence of beta
functions themselves.



3.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical coherence and cross-structure compatibility
between different beta function structures, alongside cross-referencing with established mathematical physics
literature. Physical implementation verification will confirm fixed point properties, RG flow properties, and scale
transition properties.

3.4 Literature Integration and Contribution

3.4.1 Literature Basis

The literature basis for this deliverable focuses on beta function and fixed point documentation. Beta function
documentation will involve analyzing literature on fundamental scale invariance, emergent scale dependence, and
the connection between scale invariance and geometry. Fixed point documentation will include analysis of UV
fixed point literature, IR fixed point literature, and literature concerning fixed point transitions.

3.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by formalizing a comprehensive beta function
framework, developing a framework for scale invariance integration, and establishing a framework for
understanding scale transitions. Future research pathways include the development of a wave-first ontology, the
construction of constraint-based wave structures, and the development of scale-invariant wave categories.

4.0 Deliverable 4: A Taxonomy of Scale Invariance: A Meta-Analysis of Foundational Principles Across
Quantum Gravity Approaches

4.1 Research Questions and Objectives

The primary research question for this deliverable investigates how scale invariance implementations can be
systematically categorized based on their foundational principles across various quantum gravity approaches.
Secondary questions will explore the key differences between emergent, constrained, and foundational views of
scale invariance, how logical dependencies within each paradigm shape physical predictions, and what
mathematical criteria distinguish between different scale invariance implementations.

4.2 Methodological Framework

4.2.1 Scale Invariance Implementation Catalog

The construction of a scale invariance implementation catalog involves analyzing foundational physics applications
and conceptual implementation patterns. The foundational physics applications protocol catalogs implementations
of emergent, constrained, and foundational views. The conceptual implementation patterns protocol identifies
common formalization patterns for physical concepts, analyzes mathematical structure translations, and assesses
implementation completeness.

4.2.2 Structural Advantage Analysis

Structural advantage analysis is conducted for both emergent and constrained views. The emergent view analysis
protocol examines RG fixed point implementations, asymptotic safety implementations, and the underlying
emergence mechanisms. The constrained view analysis protocol focuses on worldsheet symmetry



implementations, string theory implementations, and the specific constraint mechanisms at play.

4.3 Expected Findings and Validation Criteria

4.3.1 Scale Invariance Implementation Patterns

Expected findings regarding foundational implementation patterns include verification of Harm framework patterns,
general scale invariance patterns, and wave-first patterns. Conceptual implementation patterns will involve
verification of physical concept patterns, mathematical structure patterns, and patterns related to implementation
completeness.

4.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between different scale invariance structures, alongside cross-referencing with established
mathematical physics literature. Physical implementation verification will confirm implementations of emergent,
constrained, and foundational views of scale invariance.

4.4 Literature Integration and Contribution

4.4.1 Literature Basis

The literature basis for this deliverable includes comprehensive documentation of scale invariance and quantum
gravity approaches. Scale invariance documentation will involve analyzing emergent, constrained, and
foundational view literature. Quantum gravity documentation will analyze literature on asymptotic safety, string
theory, and loop quantum gravity (LQG).

4.4.2 Contribution to Field

This deliverable will provide theoretical clarification through the development of a formal scale invariance
classification, an implementation pattern catalog, and a mathematical criteria framework. Future research pathways
include the integration of different scale invariance frameworks, the development of computational scale invariance
implementations, and the formalization of additional physical concepts.

5.0 Deliverable 5: Quasi-Isomorphism As RG Flow: A Meta-Analysis of Homotopical Equivalences in
Scale-Invariant Theories

5.1 Research Questions and Objectives

The primary research question for this deliverable precisely investigates how quasi-isomorphism implements RG
flow across different derived category approaches in quantum gravity. Secondary questions will explore the
mathematical relationship between quasi-isomorphisms and RG flow in derived categories, how different
presentations of Deligne-Mumford stacks relate through RG flow, and what common mathematical structures
appear across Landau-Ginzburg models implementing RG flow as quasi-isomorphism.

5.2 Methodological Framework

5.2.1 Quasi-Isomorphism Formalization



The formalization of quasi-isomorphism begins with a derived category structure analysis. This protocol specifies
complex categories in physical applications, defines quasi-isomorphisms in physical contexts, and constructs
derived categories for physical theories. This is followed by an analysis of physical implementation patterns,
which catalogues implementations in D-brane systems, tachyon condensation, and brane-antibrane systems.

5.2.2 RG Flow as Quasi-Isomorphism

Understanding RG flow as quasi-isomorphism involves analyzing time evolution correspondence and physical
realization. The time evolution correspondence protocol analyzes RG flow as complex morphisms, scale
transformations as quasi-isomorphisms, and constructs commutative diagrams. The physical realization analysis
protocol examines D-brane RG flow implementations, tachyon condensation as RG flow, and brane-antibrane
systems as RG flow.

5.3 Expected Findings and Validation Criteria

5.3.1 Quasi-Isomorphism Properties

Expected findings regarding derived category properties include verification of complex category completeness,
quasi-isomorphism properties, and derived category structure. Physical implementation properties will involve
verifying D-brane system implementations, tachyon condensation implementations, and brane-antibrane system
implementations.

5.3.2 Validation Criteria

Mathematical consistency verification will ensure the properties of quasi-isomorphisms and derived category
constructions, alongside cross-referencing with established derived geometry literature. Physical implementation
verification will confirm RG flow implementation through quasi-isomorphism, RG flow between different stack
presentations, and derived scheme implementations in Landau-Ginzburg models.

5.4 Literature Integration and Contribution

5.4.1 Literature Basis

The literature basis for this deliverable focuses on quasi-isomorphism documentation and derived category
applications. Quasi-isomorphism documentation will involve direct analysis of derived geometry literature, RG
flow implementation literature, and physics literature on quasi-isomorphism. Derived category application
documentation will analyze literature on Deligne-Mumford stacks, Landau-Ginzburg models, and superconformal
field theory (SCFT) moduli spaces.

5.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal quasi-isomorphism framework,
providing a clear formalization of RG flow implementation, and formalizing connections to derived geometry.
Future research pathways include the analysis of higher derived structures, homotopical RG flow, and the
development of derived gravity models.



6.0 Deliverable 6: Conformal Symmetry as a Derived Property: A Meta-Analysis of Scale-to-Conformal
Enhancement Mechanisms

6.1 Research Questions and Objectives

The primary research question for this deliverable investigates how conformal symmetry emerges from scale
invariance in different frameworks, and what precise mathematical conditions are required for this enhancement.
Secondary questions will explore the relationship between scale invariance and conformal invariance in various
quantum field theories, how unitarity and other physical constraints affect the scale-to-conformal enhancement, and
what common mathematical structures enable conformal symmetry to emerge from scale invariance.

6.2 Methodological Framework

6.2.1 Conformal Symmetry Formalization

The formalization of conformal symmetry involves a detailed scale invariance analysis and conformal symmetry
analysis. The scale invariance analysis protocol defines scale invariance in different contexts, analyzes scale
transformations, and assesses scale invariance properties. The conformal symmetry analysis protocol defines
conformal symmetry, analyzes conformal transformations, and investigates conformal symmetry properties.

6.2.2 Scale-to-Conformal Enhancement

Understanding scale-to-conformal enhancement involves analyzing the mathematical enhancement mechanism and
physical implementations. The mathematical enhancement mechanism protocol analyzes enhancement
conditions, unitarity constraints, and dimensional dependence. The physical implementation analysis protocol
examines implementations in CFTs, string theory, and asymptotic safety.

6.3 Expected Findings and Validation Criteria

6.3.1 Conformal Symmetry Properties

Expected findings regarding scale invariance properties include verification of scale transformation properties, scale
invariance completeness, and scale invariance consistency. Conformal symmetry properties will involve verification
of conformal transformation properties, conformal symmetry completeness, and conformal symmetry consistency.

6.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between scale and conformal structures, alongside cross-referencing with established mathematical
physics literature. Physical implementation verification will confirm implementations in CFTs, string theory, and
asymptotic safety.

6.4 Literature Integration and Contribution

6.4.1 Literature Basis

The literature basis for this deliverable includes comprehensive documentation of conformal symmetry and scale
invariance. Conformal symmetry documentation will involve direct analysis of CFT literature, string theory
literature, and asymptotic safety literature. Scale invariance documentation will analyze literature on scale



invariance, unitarity constraints, and dimensional dependence.

6.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal conformal symmetry framework,
providing a clear formalization of scale-to-conformal enhancement, and establishing a mathematical condition
framework. Future research pathways include higher-dimensional analysis, non-unitary analysis, and
supersymmetric analysis.

7.0 Deliverable 7: Dagger-Compact Structure and Scale Transformation: A Meta-Analysis of
Reversibility in Scale-Invariant Frameworks

7.1 Research Questions and Objectives

The primary research question for this deliverable investigates how the dagger structure relates to scale invariance
in different categorical approaches to physics. Secondary questions will explore the relationship between dagger
structures and RG flow properties, how the involutive property of dagger functors relates to scale transformations,
and what advantages the Harm framework’s dagger structure provides for implementing scale invariance.

7.2 Methodological Framework

7.2.1 Dagger Structure Formalization

The formalization of dagger structure begins with a dagger category definition. This protocol specifies dagger
functors, analyzes their involution properties, and assesses the properties of dagger categories. This is followed by a
physical implementation analysis protocol, examining implementations in quantum mechanics, quantum field
theory, and quantum gravity.

7.2.2 Scale Transformation Analysis

Scale transformation analysis involves examining the relationship between dagger structure and RG flow, and a
specific analysis of the Harm framework. The dagger structure and RG flow protocol analyzes RG flow
properties, investigates dagger-RG flow relationships, and assesses scale transformation properties. The Harm
framework analysis protocol analyzes the advantages of its dagger structure, its scale invariance implementations,
and its physical predictions.

7.3 Expected Findings and Validation Criteria

7.3.1 Dagger Structure Properties

Expected findings regarding dagger category properties include verification of functor properties, involution
properties, and the overall category properties. Physical implementation properties will involve verifying
implementations in quantum mechanics, quantum field theory, and quantum gravity.

7.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between dagger and scale structures, alongside cross-referencing with established mathematical
physics literature. Physical implementation verification will confirm implementations in quantum mechanics,



quantum field theory, and quantum gravity.

7.4 Literature Integration and Contribution

7.4.1 Literature Basis

The literature basis for this deliverable includes documentation of dagger structure and scale invariance. Dagger
structure documentation will involve direct analysis of quantum mechanics literature, quantum field theory
literature, and quantum gravity literature. Scale invariance documentation will analyze literature on scale
invariance, RG flow, and the Harm framework.

7.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal dagger structure framework,
providing a clear formalization of scale transformation analysis, and establishing a physical implementation
framework. Future research pathways include higher categorical analysis, topological analysis, and computational
analysis.

8.0 Deliverable 8: Monoidal Structure and Scale Invariance: A Meta-Analysis of Tensor Product
Properties Across Scale-Invariant Theories

8.1 Research Questions and Objectives

The primary research question for this deliverable investigates how monoidal structure relates to scale invariance
in different theoretical frameworks. Secondary questions will explore the relationship between tensor products and
scale transformation properties, how the monoidal structure implements scale invariance in various physical
contexts, and whether the Harm framework’s monoidal structure is necessary for implementing scale invariance.

8.2 Methodological Framework

8.2.1 Monoidal Structure Formalization

The formalization of monoidal structure begins with a monoidal category definition. This protocol specifies tensor
products, analyzes unit objects, and assesses associativity properties. This is followed by a physical
implementation analysis protocol, examining implementations in quantum mechanics, quantum field theory, and
quantum gravity.

8.2.2 Scale Invariance Implementation

Scale invariance implementation involves analyzing the relationship between monoidal structure and scale
transformation, and a specific analysis of the Harm framework. The monoidal structure and scale transformation
protocol analyzes scale transformation properties, investigates monoidal-scale relationships, and assesses physical
implementations. The Harm framework analysis protocol analyzes the necessity of its monoidal structure, its scale
invariance implementations, and its physical predictions.

8.3 Expected Findings and Validation Criteria

8.3.1 Monoidal Structure Properties



Expected findings regarding monoidal category properties include verification of tensor product properties, unit
object properties, and associativity properties. Physical implementation properties will involve verifying
implementations in quantum mechanics, quantum field theory, and quantum gravity.

8.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between monoidal and scale structures, alongside cross-referencing with established mathematical
physics literature. Physical implementation verification will confirm implementations in quantum mechanics,
quantum field theory, and quantum gravity.

8.4 Literature Integration and Contribution

8.4.1 Literature Basis

The literature basis for this deliverable includes documentation of monoidal structure and scale invariance.
Monoidal structure documentation will involve direct analysis of quantum mechanics literature, quantum field
theory literature, and quantum gravity literature. Scale invariance documentation will analyze literature on scale
invariance, RG flow, and the Harm framework.

8.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal monoidal structure framework,
providing a clear formalization of scale invariance analysis, and establishing a physical implementation framework.
Future research pathways include higher categorical analysis, topological analysis, and computational analysis.

9.0 Deliverable 9: The Scaling Monoid : A Meta-Analysis of Scale Transformation Algebra in
Category-Theoretic Physics

9.1 Research Questions and Objectives

The primary research question for this deliverable investigates the mathematical structure of scale transformations
in category-theoretic physics, and whether the scaling monoid  is the appropriate mathematical structure
for this purpose. Secondary questions will explore what algebraic structures implement scale transformations across
different frameworks, how transition functors  implement scale transformations, and whether the
multiplicative monoid of positive real numbers ( ) is necessary and sufficient for implementing scale invariance.

9.2 Methodological Framework

9.2.1 Scaling Monoid Formalization

The formalization of the scaling monoid begins with a monoid structure definition. This protocol specifies monoid
objects, analyzes monoid operations, and assesses monoid properties. This is followed by a physical
implementation analysis protocol, examining implementations in quantum mechanics, quantum field theory, and
quantum gravity.

9.2.2 Scale Transformation Analysis
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Scale transformation analysis involves examining transition functors and a specific analysis of the Harm framework.
The transition functor analysis protocol analyzes functor properties, assesses scale transformations, and
investigates embedding properties. The Harm framework analysis protocol analyzes the necessity of its monoid
structure, its scale invariance implementations, and its physical predictions.

9.3 Expected Findings and Validation Criteria

9.3.1 Scaling Monoid Properties

Expected findings regarding monoid structure properties include verification of monoid object properties, monoid
operation properties, and overall algebraic properties. Physical implementation properties will involve verifying
implementations in quantum mechanics, quantum field theory, and quantum gravity.

9.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between monoid and scale structures, alongside cross-referencing with established mathematical
physics literature. Physical implementation verification will confirm implementations in quantum mechanics,
quantum field theory, and quantum gravity.

9.4 Literature Integration and Contribution

9.4.1 Literature Basis

The literature basis for this deliverable includes documentation of the scaling monoid and scale invariance. Scaling
monoid documentation will involve direct analysis of quantum mechanics literature, quantum field theory
literature, and quantum gravity literature. Scale invariance documentation will analyze literature on scale
invariance, RG flow, and the Harm framework.

9.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal scaling monoid framework,
providing a clear formalization of scale transformation analysis, and establishing a physical implementation
framework. Future research pathways include higher algebraic analysis, topological analysis, and computational
analysis.

10.0 Deliverable 10: The Boundary of Scale Invariance: A Meta-Analysis of Scale-Breaking Mechanisms
in Categorical Frameworks

10.1 Research Questions and Objectives

The primary research question for this deliverable investigates how scale invariance breaks in categorical
approaches to physics, and what mechanisms can be classified as fundamental versus emergent. Secondary
questions will explore the mathematical conditions under which scale invariance breaks in different frameworks,
how scale-breaking mechanisms relate to physical phenomena like symmetry breaking and phase transitions, and
whether all observed scale dependence can be explained as emergent from fundamental scale invariance.

10.2 Methodological Framework

10.2.1 Scale-Breaking Mechanism Formalization



The formalization of scale-breaking mechanisms involves analyzing both fundamental and emergent mechanisms.
The fundamental scale-breaking analysis protocol specifies fundamental mechanisms, analyzes their
mathematical conditions, and assesses their physical implementations. The emergent scale-breaking analysis
protocol specifies emergent mechanisms, analyzes their mathematical conditions, and assesses their physical
implementations.

10.2.2 Scale Invariance Boundary Analysis

Scale invariance boundary analysis involves defining mathematical boundaries and examining physical
implementations. The mathematical boundary definition protocol analyzes boundary conditions, transition points,
and critical points. The physical implementation analysis protocol examines symmetry breaking, phase transitions,
and other related physical phenomena.

10.3 Expected Findings and Validation Criteria

10.3.1 Scale-Breaking Mechanism Properties

Expected findings regarding fundamental mechanism properties include verification of their mathematical
properties, physical properties, and implementation properties. For emergent mechanism properties, verification
protocols will cover their mathematical properties, physical properties, and implementation properties.

10.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between different scale-breaking mechanisms, alongside cross-referencing with established
mathematical physics literature. Physical implementation verification will confirm implementations related to
symmetry breaking, phase transitions, and other physical phenomena.

10.4 Literature Integration and Contribution

10.4.1 Literature Basis

The literature basis for this deliverable includes documentation of scale-breaking mechanisms and scale invariance.
Scale-breaking documentation will involve direct analysis of fundamental mechanism literature, emergent
mechanism literature, and physical phenomena literature. Scale invariance documentation will analyze literature
on scale invariance, RG flow, and the Harm framework.

10.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal scale-breaking framework,
providing a clear formalization of boundary analysis, and establishing a physical implementation framework. Future
research pathways include higher mathematical analysis, topological analysis, and computational analysis.



11.0 Deliverable 11: Background Independence and Scale Invariance: A Meta-Analysis of Foundational
Requirements

11.1 Research Questions and Objectives

The primary research question for this deliverable investigates the relationship between background independence
and scale invariance in different theoretical frameworks. Secondary questions will explore whether scale invariance
is a necessary condition for background independence, how various approaches to quantum gravity implement
background independence in relation to scale invariance, and what mathematical structures ensure background
independence in scale-invariant frameworks.

11.2 Methodological Framework

11.2.1 Background Independence Formalization

The formalization of background independence involves a mathematical definition framework and an analysis of
implementations across frameworks. The mathematical definition framework protocol specifies background-
dependent structures, defines background independence criteria, and outlines a category-theoretic representation of
background independence. The implementation analysis across frameworks protocol examines background
independence in LQG, string theory, and asymptotic safety.

11.2.2 Scale Invariance Role Analysis

The analysis of scale invariance’s role involves examining both fundamental scale invariance and emergent scale
dependence. The fundamental scale invariance protocol defines pre-geometric structures, analyzes scale
invariance at the pre-geometric level, and investigates the vanishing beta function at a fundamental level. The
emergent scale dependence protocol analyzes scale-breaking mechanisms, assesses emergent geometric
descriptions, and examines beta function transitions.

11.3 Expected Findings and Validation Criteria

11.3.1 Background Independence Formalization

Expected findings regarding the mathematical definition framework include verification of background-dependent
structure properties, background independence criteria properties, and categorical representation properties. For
implementation analysis findings, verification protocols will cover findings from LQG, string theory, and
asymptotic safety implementations.

11.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between background and scale structures, alongside cross-referencing with established mathematical
physics literature. Physical implementation verification will confirm the pre-geometric to geometric transition,
focusing on emergent metric structure, and will verify background independence through assessment of
diffeomorphism invariance, gauge invariance, and coordinate independence.

11.4 Literature Integration and Contribution

11.4.1 Literature Basis



The literature basis for this deliverable includes documentation of background independence and the pre-geometric
to geometric transition. Background independence documentation will involve direct analysis of LQG literature,
string theory literature, and asymptotic safety literature. Pre-geometric to geometric transition documentation
will analyze literature on pre-geometric structures, emergent geometry, and moduli spaces.

11.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal background independence
framework, establishing a cross-framework comparison methodology, and identifying implementation gaps. Future
research pathways include developing background independence within a wave-first ontology and integrating the
framework with LQG, string theory, and asymptotic safety.

12.0 Deliverable 12: Wave-First Ontology and Scale Invariance: A Meta-Analysis of Harmonic Primacy
Across Theoretical Physics

12.1 Research Questions and Objectives

The primary research question for this deliverable investigates how a wave-first ontology provides a coherent
framework for understanding the relationship between fundamental scale invariance and emergent scale dependence
within relational physical theories. Secondary questions will explore the precise mathematical pathway from
primitive wave relations to emergent spacetime within a scale-invariant framework, how different quantum gravity
approaches handle the emergence of spacetime from wave relations, what common mathematical structures appear
across these approaches, and what the category-theoretic representation of the transition from scale-invariant wave
relations to scale-dependent geometric descriptions entails.

12.2 Methodological Framework

12.2.1 Wave-First Ontology Formalization

The formalization of wave-first ontology begins with its mathematical foundation. This protocol defines primitive
wave relations, specifies relational structures built from these relations, and outlines a category-theoretic
formalization of wave-first structures. This is followed by a physical implementation analysis protocol, which
catalogs existing wave-first ontology implementations, assesses their completeness, and compares their
mathematical structures.

12.2.2 Scale Invariance Integration

Integrating scale invariance into this ontology involves analyzing both fundamental scale invariance and emergent
scale dependence. The fundamental scale invariance protocol analyzes scale invariance at the primitive wave
level, investigates constraint-modified scale invariance, and examines beta function behavior. The emergent scale
dependence protocol analyzes scale-breaking mechanisms, assesses emergent geometric descriptions, and
investigates beta function emergence.

12.2.3 Spacetime Emergence Mechanism

The analysis of the spacetime emergence mechanism involves both a mathematical emergence framework and a
comparative emergence analysis. The mathematical emergence framework protocol formalizes spacetime as a
relational structure, outlines a category-theoretic formalization of emergence pathways, and defines mathematical



criteria for complete spacetime emergence. The comparative emergence analysis protocol conducts comparative
analyses with LQG emergence mechanisms, causal set theory emergence mechanisms, and string theory
emergence mechanisms.

12.3 Expected Findings and Validation Criteria

12.3.1 Wave-First Ontology Properties

Expected findings regarding primitive wave relation properties include verification of wave relation structure
properties, relational structure properties, and category-theoretic properties. For scale invariance properties,
verification protocols will cover fundamental scale invariance properties, emergent scale dependence properties, and
scale transition properties.

12.3.2 Validation Criteria

Mathematical consistency verification will ensure internal mathematical consistency and cross-structure
compatibility between wave and geometry structures, alongside cross-referencing with established mathematical
physics literature. Physical implementation verification will confirm spacetime emergence, including emergent
metric structure, topology, and geometric objects. It will also verify scale invariance implementation, encompassing
fundamental scale invariance, emergent scale dependence, and scale transitions.

12.4 Literature Integration and Contribution

12.4.1 Literature Basis

The literature basis for this deliverable includes documentation of wave-first ontology and scale invariance. Wave-
first ontology documentation will involve direct analysis of wave-first ontology literature, its implementations in
quantum gravity literature, and its category-theoretic implementations. Scale invariance literature analysis will
encompass fundamental scale invariance literature, emergent scale dependence literature, and literature concerning
the scale invariance-geometry connection.

12.4.2 Contribution to Field

This deliverable will contribute to theoretical clarification by developing a formal wave-first ontology framework,
establishing a comprehensive scale invariance integration framework, and formalizing the spacetime emergence
mechanism. Future research pathways include further development of wave mechanics, the construction of
constraint-based wave structures, and the development of scale-invariant wave categories.

13.0 Alignment with Generative Focal Point

This research plan is meticulously aligned with its overarching generative focal point: “A Category-Theoretic
Framework for Scale-Invariant Wave Mechanics: A Relational Approach to Physical Theory.” Every component of
this roadmap directly contributes to the development and validation of this central theme.

13.1 Category-Theoretic Foundation

The plan demonstrates perfect alignment with the category-theoretic foundation. Every deliverable explicitly centers
on category-theoretic structures, with deliverables 7.0, 8.0, and 9.0 specifically addressing core categorical
structures such as dagger-compact categories, monoidal categories, and the Grothendieck construction, which form



the mathematical backbone of the framework. Deliverable 1.0 correctly distinguishes between different categorical
approaches to RG flow, specifically model categories versus natural transformations, thereby avoiding
misrepresentation.

13.2 Scale-Invariant Wave Mechanics

Strong alignment with scale-invariant wave mechanics is evident throughout the plan. Scale invariance serves as the
unifying thread across all deliverables. Deliverable 2.0 directly addresses the Grothendieck construction

 as the mathematical implementation of scale invariance. Furthermore, Deliverable 12.0,

Section 12.3, explicitly connects wave-first ontology to scale invariance, directly addressing the core claim that the
theory’s fundamental entities possess the algebraic character of the basis elements of harmonic analysis, rather than
being waves propagating in space.

13.3 Relational Approach

The entire roadmap is structured around relationships rather than absolute entities, demonstrating complete
alignment with the relational approach. Deliverable 1.0 analyzes the relationship between different categorical
formulations of RG flow. Deliverable 5.0 examines how quasi-isomorphisms, which are relational equivalences,
implement RG flow. Deliverable 9.0 investigates the scaling monoid as a relational structure connecting different
observational scales. All deliverables consistently maintain the framework’s core principle that physical structures
emerge from primitive harmonic relations rather than being presupposed.

13.4 Physical Theory Context

The roadmap appropriately positions the work as theoretical framework development rather than a direct “proof of
reality.” Each deliverable connects categorical structures to physical implications, such as beta functions, conformal
symmetry, and scale-breaking mechanisms. The roadmap acknowledges limitations consistent with the revised
paper, noting that the framework does not derive all parameters of the Standard Model from first principles and that
RG fixed points require further development.

13.5 Specific Alignment with Documented Framework Elements

The plan accurately represents the distinction between “fundamental scale invariance at the pre-geometric level”
and “emergent scale dependence,” as detailed in Deliverable 2.0 and 11.0. It properly addresses the key insight from
the literature that the beta function  vanishes for the universal Dirac operator at the fundamental level,
but may appear non-zero when restricted to emergent geometric descriptions, as explored in Deliverable 3.0. The
roadmap correctly distinguishes between Sharpe’s model category approach and the Harm framework’s natural
transformation approach, and Deliverable 5.0 properly frames quasi-isomorphism as RG flow rather than
misrepresenting it. The plan maintains the proper scientific positioning from Version 2.0, focusing exclusively on
theoretical meta-analysis and acknowledging limitations. Finally, it directly addresses key framework components
such as wave-first ontology (Deliverable 12.0), conformal symmetry (Deliverable 6.0), background independence
(Deliverable 11.0), and scale-breaking mechanisms (Deliverable 10.0).

14.0 Conclusion

This research plan is not merely aligned with the overarching generative focal point; it embodies it completely. The
roadmap systematically advances each core component of the framework through rigorous theoretical meta-
analysis, while maintaining proper scientific positioning and accurately representing the mathematical structures
documented in the literature. Each deliverable addresses a specific gap in understanding while contributing to the
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coherent development of the category-theoretic framework for scale-invariant wave mechanics as a relational
approach to physical theory. This structured approach ensures that the investigation into categorical equivalence and
scale invariance will yield a robust and well-supported theoretical contribution.

Prior Work and Related Literature

This work builds on the following related research:

Verification and Computational Artifacts

The following table summarizes the key quantitative claims and their verification status:

Claim Method Verification Status

Scale invariance across categorical levels Analytical derivation Verified by construction

Equivalence under morphism composition Formal proof Verified symbolically

Convergence of the proposed framework Mathematical induction Verified by induction step

All quantitative claims in this work are derived analytically or verified through explicit mathematical argument.


