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This report presents a fundamental reframing of Causal Set Theory (CST) within the language of category theory,
establishing a relational process ontology (RPO) for fundamental physics. By recasting causal sets as small, thin
categories, this framework achieves a **categorical reification of causality**, where causal relations (morphisms)
become ontologically primary to events (objects). The dynamics of spacetime growth are modeled as a **quantum
sequential growth functor**, leading to a functorial path integral whose measure is canonically defined by a Kan
extension, resolving a key ambiguity in quantum gravity. The emergence of manifold-likeness is rigorously framed
as a **sheaf condition on a classifying topos**, while the semi-classical limit of General Relativity arises from a
categorical adjunction, with Einstein’s equations expressed as a natural transformation. Unification is achieved by
modeling matter as causal excitations over this relational substrate, and the framework provides a combinatorial
origin for the Born rule and quantum entanglement, suggesting quantum mechanics is an effective statistical theory
of a deeper, processual reality. This categorical RPO thus offers a unified, falsifiable, and conceptually coherent
foundation for a background-independent theory of quantum gravity.

Part

I: The Ontological Imperative: From Atomistic Substance to Dynamic Relation

The foundational framework of physics has long been rooted in set theory: spacetime is a set of points; fields are
functions on that set; dynamics evolve over time as transformations between states. This substance-based ontology
—where objects exist independently and relations are secondary—has served well in classical theories but falters
under the dual pressures of quantum non-locality and gravitational background independence. Causal Set Theory
(CST) already challenges this paradigm by asserting that *Order + Number = Geometry*—that the fundamental
structure of spacetime is not a manifold of points with metric properties, but a locally finite partially ordered set
(poset), where causal relations define physical reality. Yet even standard Causal Set Theory remains grounded in set-
theoretic foundations, formally defining a causet as a pair comprising a set and a binary relation. This report
proposes a deeper shift: to reframe Causal Set Theory entirely within category theory, replacing sets with objects,
relations with morphisms, and global structures with functors and natural transformations. This move is not merely
formal; it reflects an **ontological commitment to process, relation, and contextuality** as primary, aligning CST
with quantum gravity’s need for background independence, relational observables, and intrinsic dynamics. This
categorical framework provides a language for intrinsic dynamics and background independence, contrasting
sharply with the limitations of set theory for capturing the fluidity of “becoming.”

1.1.

The Legacy and Limitations of Standard Causal Set Theory

The established framework of Causal Set Theory, despite its successes, carries inherent limitations stemming from
its foundational assumptions. A thorough examination of these aspects reveals the necessity for a deeper ontological
shift.



1.1.1.

The Order + Number = Geometry Paradigm: A Triumph of Kinematic Relationalism

The core tenets of standard Causal Set Theory represent a significant achievement in formulating a relational theory
of spacetime kinematics. This paradigm demonstrates the potential for continuum geometry to emerge from discrete
causal structures.

1.1.1.1. Causal

Order ( ) as the Primacy of Light Cones

The fundamental, irreducible element encoding local causality and global causal structure is the causal order
relation, denoted ≺. This relation directly encodes the light cone structure of spacetime. Its critical role in
determining spacetime conformal geometry is rigorously established by Malament’s Theorem, which demonstrates
that the causal structure of a spacetime manifold uniquely determines its conformal metric. This signifies that the
pattern of causal connections is the most fundamental informational structure, a “grammar” of interaction that
dictates the light cone geometry, making local causal relations truly primary.

1.1.1.2.

Number (N) as the Discrete Quantification of Volume

The concept of number, denoted N, functions as the discrete quantification of spacetime volume. This principle
posits that the number of causal set elements within a region is approximately proportional to the continuous volume
of that region, expressed as N ≈ ρV. Here, ρ represents the fundamental inverse Planck density, signifying the
quantum of spacetime volume. This intrinsic discreteness at the Planck scale fundamentally avoids the Zeno
paradoxes of infinite divisibility. It also sidesteps issues such as Weyl’s tile argument, which highlights
inconsistencies when attempting to approximate continuous geometry with discrete, rigid units. By focusing on
discrete event counts, CST naturally incorporates a quantum of volume, ensuring that arbitrarily small regions do
not contain infinite information.

1.1.1.3.

Emergent Geometry (gμν) from Discrete Relations to Continuous Spacetime

The process by which discrete causal relations give rise to a continuous spacetime metric, gμν, is articulated through
the Poisson sprinkling hypothesis. This statistical bridge allows for the coarse-grained recovery of Lorentzian
manifolds from the underlying discrete causal set structure. This implies that the smooth, continuous spacetime of
classical General Relativity is not fundamental but emerges as a statistical approximation from a much more
granular, discrete reality. The apparent continuity of spacetime is thus a macroscopic illusion, a consequence of
averaging over countless Planck-scale discrete events, analogous to how a smooth fluid flow emerges from the
chaotic motion of individual molecules.

1.1.1.4.

Intrinsic Lorentz Invariance as a Key Success

≺



A notable success of standard Causal Set Theory lies in its intrinsic preservation of Lorentz invariance (LI). This is
a significant achievement because most discrete spacetime theories struggle to maintain Lorentz invariance without
introducing a preferred reference frame, which is a common challenge for discrete spacetime theories like some
lattice formulations that break continuous symmetries. The inherent stochasticity of the Poisson sprinkling process, a
random embedding of events into a continuous manifold, statistically upholds Lorentz invariance, thereby avoiding
the introduction of any fundamental, fixed reference frame and preserving a core tenet of relativistic physics.

1.1.2.

The Set-Theoretic Undercurrent: A Vestige of Substance Ontology

Despite its relational successes, standard Causal Set Theory retains an implicit commitment to a substance-based
ontology through its underlying set-theoretic foundations. This subtle adherence to primitive “events” as
independent entities hinders a fully relational understanding.

1.1.2.1.

The Formal Definition of (C, ≺) as a Set with a Relation

Formally, a causal set is defined as a pair (C, ≺), where C is explicitly a set of elements and ≺ is a binary relation
defined on that set. This set-theoretic definition explicitly establishes a collection of individual entities as
conceptually prior to their relationships. This means the existence of the “events” is implicitly assumed before their
causal connections are considered, embedding a “things-first” bias in the fundamental definition.

1.1.2.2. The Implicit

Atomism of Primitive Events

The formulation of C as a “set of events,” where x ∈ C, implicitly suggests a primitive, non-relational “substance”
or “haecceity” for individual events. This refers to an inherent, non-relational identity for each event that exists prior
to, or independently of, its causal connections. Each event is considered to be a fundamental, unanalyzable “thing”
in itself. This atomistic view contrasts sharply with a truly relational ontology, which would define an event purely
by its connections to other events. It falls short of fully embracing **Leibniz’s Principle of the Identity of
Indiscernibles**, which posits that if two things share all their properties, they are identical; a truly relational
ontology would ensure their relational properties are the only properties.

1.1.2.3.

The Distinction Between Methodological and Ontological Relationalism

Standard Causal Set Theory successfully achieves methodological relationalism, where observable quantities are
defined purely by relations between events. This means that measurements and physical predictions rely on the
structure of connections, not on arbitrary labels of individual events. However, it struggles to establish full
ontological relationalism, wherein the fundamental nature of reality itself is composed solely of relations, without
positing primitive, non-relational relata. The concept of an event as a fundamental, unanalyzable entity persists,
leaving a foundational gap where the “stuff” of reality remains unaddressed.

1.1.2.4.

The Inadequacy of a Static Ontology for Intrinsic Dynamics



This static, atomistic view of events renders dynamical processes, such as the birth or addition of a new event to the
causal set, as external operations imposed upon a pre-existing collection of elements. This approach struggles to
articulate a concept of intrinsic self-generation or evolution, portraying dynamics as a manipulation of the set rather
than an inherent unfolding of relational structure. A universe that “becomes” through intrinsic dynamics, as explored
in “Treatise on Waves” (Quni-Gudzinas, 2025d), requires a language capable of modeling processes as primary,
rather than as external transformations of static entities.

1.1.3.

The Unsolved Problems as Catalysts for a Deeper Ontological Shift

The aforementioned set-theoretic undercurrent contributes to several deep, unresolved problems within standard
Causal Set Theory. These sixteen fundamental challenges serve as compelling motivations for a more profound
ontological re-evaluation and are systematically addressed by the categorical Relational Process Ontology presented
in this report.

1.1.3.1. The Problem of the

Dynamical Law

Standard CST provides a rich kinematic framework but lacks a precise, background-independent dynamical law that
dictates how spacetime evolves. This absence makes it dynamically incomplete, leaving ambiguities in defining
concepts such as the path integral sum and making predictions about cosmic evolution challenging. A complete
theory of quantum gravity requires such a law to be intrinsic and self-generating.

1.1.3.2. The Problem of the

Quantum Measure

For any consistent quantum theory, a well-defined and physically justified measure for summing over histories is
crucial. In CST, the lack of a canonical quantum measure for the path integral over causal histories leads to arbitrary
weighting choices, which can yield unphysical results or prevent robust calculation and prediction, hindering the
theory’s predictive power.

1.1.3.3.

The Problem of Manifold-Likeness and Geometric Fidelity

This constitutes a core “measurement problem” for CST, often termed the “entropy problem.” If the ensemble of
possible discrete causal sets is overwhelmingly dominated by random, non-geometric configurations (such as
Kleitman-Rothschild orders), a rigorous mechanism for the emergence of smooth, familiar spacetime is critically
needed. Without such a mechanism, the theory risks predicting a universe that is fundamentally non-geometric,
contrary to observation.

1.1.3.4. The Problem of

Dimensionality



The macroscopic dimensionality of our universe, precisely observed to be four, is a fundamental feature that CST, as
a theory aiming for a deeper description of reality, must derive rather than merely postulate. An intrinsic explanation
for this value, perhaps linked to underlying quantum gravity dynamics (Quni-Gudzinas, 2025a), is crucial for the
theory’s explanatory power, rather than relying on external assumptions or anthropic arguments.

1.1.3.5. The

Problem of Background-Independent Growth

A central tenet and unique advantage of quantum gravity theories like CST is their background independence,
meaning they do not presuppose a fixed spacetime arena. A clear, unambiguous demonstration that the dynamical
laws operate purely on the intrinsic causal structure, without reference to any external manifold or coordinate
system, is paramount to fully realize this promise.

1.1.3.6.

The Problem of the Microscopic Origin of the Ricci Tensor

A primary consistency check for any candidate quantum gravity theory is its ability to recover General Relativity in
the appropriate macroscopic limit. Deriving Einstein’s equations, particularly the Ricci tensor components,
intrinsically from the fundamental combinatorial structure of the causal set, rather than merely approximating them,
signifies a profound and deep connection between quantum discreteness and classical spacetime curvature.

1.1.3.7. The

Problem of Spacetime Defects and Dark Matter

The nature and physical role of departures from perfect manifold-likeness must be understood. Such “spacetime
defects” or intrinsic structural anomalies could offer a novel, intrinsic explanation for components of the dark sector,
providing a testable alternative to conventional particle-based dark matter models (Quni-Gudzinas, 2025c). These
defects represent areas where the coherent emergence of smooth geometry breaks down, potentially acting as
gravitational sources without direct interaction with light.

1.1.3.8. The Problem

of Emergent Spacetime Topology

The global topological features of spacetime, such as its observed simplicity (e.g., apparent flatness, absence of
large-scale “holes” or complex connections) must be robustly explained as emergent properties of the fundamental
causal structure, rather than being externally assumed. A mechanism for selecting simple topologies over complex
ones is crucial for a complete cosmological picture.

1.1.3.9. The Problem

of the Born Rule’s Derivation

Addressing the foundational crisis of quantum mechanics, a derivation of the Born rule from the underlying
stochastic dynamics of spacetime would revolutionize our understanding of quantum probability. Such a derivation
would move the Born rule from an unexplained axiom to an emergent theorem, rooted in the universe’s fundamental
informational or combinatorial processes (Quni-Gudzinas, 2025a, 2025d).



1.1.3.10. The

Problem of Particle Emergence and Unification

Achieving a deep unification of matter and spacetime is a holy grail of fundamental physics. If particles and fields of
the Standard Model arise intrinsically from the causal structure (e.g., as excitations or representations), it avoids the
problematic treatment of matter as an external addition to a pre-existing spacetime, leading to a more coherent and
unified description of reality (Quni-Gudzinas, 2025c).

1.1.3.11. The Problem of

Quantum Entanglement

This core mystery of quantum mechanics, famously dubbed “spooky action at a distance” by Einstein, requires a
coherent, causal, and relational explanation from shared histories, consistent with the principles of special relativity,
to avoid the apparent paradoxes of instantaneous correlations. A deeper explanation rooted in spacetime structure is
needed.

1.1.3.12. The

Problem of Lorentz Violation Signatures

Identifying unique, testable predictions that distinguish a discrete, Lorentz-invariant spacetime from continuum
theories is a critical task for experimental verification. These subtle deviations from exact Lorentz invariance,
particularly in the propagation of high-energy particles (“swerving”), offer a direct window into Planck-scale
physics.

1.1.3.13.

The Problem of Cosmic Microwave Background Signatures

The early universe provides a crucial laboratory, yet concrete predictions for CMB anisotropies or non-Gaussianities
directly tied to the fundamental causal growth process are still developing. Such signatures could offer a “fossil
record” of quantum gravity effects at the earliest moments of cosmic history.

1.1.3.14.

The Problem of Integrating Lorentz Violation Constraints

Existing stringent astrophysical and laboratory data place tight bounds on deviations from exact Lorentz invariance.
The theory must not only account for these constraints but also predict specific forms of Lorentz-invariant violations
that can be further tested, ensuring consistency with experimental observations while offering new avenues for
discovery.

1.1.3.15.

The Problem of the Fundamental Density and Cosmological Constant

The universal sprinkling density ρ is a fundamental constant, but its precise value and its connection to the observed
cosmological constant—one of physics’ greatest fine-tuning problems, with a 120-order-of-magnitude discrepancy
—are not derived. A first-principles derivation of this value would be a profound success for the theory.



1.1.3.16. The

Problem of the Ontological Nature of Events

This is the most fundamental ontological question for CST. If events are conceived as primitive, unanalyzable
“things,” the relational paradigm is incomplete. A definitive relational answer is needed to fully transcend the
substance-based worldview and clarify what a “spacetime atom” truly comprises at its most fundamental level.

1.2.

The Ontological Imperative: Embracing a Relational Process Ontology

The limitations and unresolved problems of standard Causal Set Theory necessitate a fundamental re-evaluation of
its underlying philosophical premises. This report advocates for an embrace of a **Relational Process Ontology**
(RPO), leveraging the expressive power of category theory to construct a more coherent and comprehensive
foundation for fundamental physics.

1.2.1.

From Static “Being” to Dynamic “Becoming”: The Core Philosophy

The central philosophical shift inherent in the Relational Process Ontology is a move from a static conception of
“being” to a dynamic philosophy of “becoming.” This reframing posits process and change as fundamentally
primitive, with static states emerging as transient aspects of an ongoing cosmic evolution.

1.2.1.1. The Motivation of

Physics as Process

This philosophical stance is strongly motivated by existing paradigms in modern physics. General Relativity
describes spacetime not as a passive background but as a dynamic entity, evolving and interacting with matter and
energy. The Einstein Field Equations, , directly illustrate this dynamic interplay, where geometry
(the left side) dictates and is dictated by energy and momentum (the right side). Similarly, Quantum Mechanics,
particularly through its emphasis on events and state transitions rather than fixed states, inherently suggests a
universe driven by processes rather than static configurations. A quantum measurement, for instance, is an event that
actualizes one of many possibilities, demonstrating a continuous process of “becoming” rather than a static
existence.

1.2.1.2. The

Philosophical Lineage of Process Ontology

The Relational Process Ontology draws inspiration from a rich philosophical lineage. Its core principle, “Panta
Rhei” (everything flows), echoes the ancient Greek philosophy of Heraclitus. More recently, Alfred North
Whitehead’s Process Philosophy, particularly his concept of “actual occasions” as momentary, self-creating events
that constitute reality, provides a rigorous modern framework for understanding existence as fundamentally dynamic
and relational. As explored in “Resonant Complexity Framework” (Quni-Gudzinas, 2025e), this philosophy posits
that “to exist is to oscillate,” where even seemingly static objects are understood as complex, stable, and slow
resonant processes.

1.2.1.3.

G ​ =μν 8πGT ​μν



The Categorical Manifestation of a Processual Worldview

Category theory, by its very syntax and foundational structures, naturally embodies this Relational Process
Ontology. Its emphasis on morphisms (arrows representing processes or relations) over objects (points or static
entities) inherently privileges dynamics and interconnectedness. This provides a native mathematical language for a
processual worldview, where the “composition of morphisms” directly mirrors the sequential unfolding of events in
time, providing a dynamic grammar for cosmic evolution.

1.2.2.

The Power of Category Theory as a Native Language for the Relational Process Ontology

Category theory provides the indispensable mathematical apparatus for formalizing a Relational Process Ontology.
Its core concepts directly translate into the fundamental constituents and dynamics of our proposed framework.

1.2.2.1.

Morphisms as the Primary Ontological Constituents

In this categorical reframing, morphisms are elevated to the status of primary ontological constituents. The
principle “Arrows are Real” asserts that causal relations are not merely properties of events, but are the fundamental,
irreducible processes between events themselves. The composition of morphisms, denoted g ∘ f, directly formalizes
causal linkage, representing the sequential unfolding of causal influence and the propagation of effects through the
relational network. As demonstrated in “Computo Ergo Sum” (Quni-Gudzinas, 2025a), this aligns with the view of
physical laws as immanent theorems, where processes are the fundamental “proof steps” of reality.

1.2.2.2. Objects as Derived

Relational Nodes

Conversely, objects in category theory are interpreted as relational nodes, functioning as the abstract domains and
codomains (terminals and targets) of these primary causal processes. The principle “Objects are Derived” signifies
that events are not primitive substances but are merely conceptual points of nexus. From the perspective of the
Yoneda Lemma, a central theorem in category theory, an event’s identity is entirely defined by its entire network of
incoming and outgoing causal relations. Thus, an event is its relational context within the causal web, possessing no
hidden or intrinsic “haecceity.” This directly resolves the problem of implicit atomism (Section 1.1.2.2) by
grounding identity purely in relation.

1.2.2.3.

Functors as the Tools for Structure-Preserving Transformations

Functors are the crucial tools within category theory for describing structure-preserving transformations between
categories. In the Relational Process Ontology, they serve as the fundamental means to describe complex
phenomena such as emergence, evolution, and quantization. They enable the consistent mapping of causal structures
and their properties across different levels of abstraction or scales, preserving the underlying relational logic. For
example, a functor might describe how a microscopic quantum process gives rise to a macroscopic classical
phenomenon, ensuring that the underlying relational integrity is maintained across scales.

1.2.3. Thesis Statement of This



Report

This report proposes a **category-theoretic reframing of Causal Set Theory to establish a comprehensive
Relational Process Ontology** for fundamental physics. This reframing will rigorously show that CST’s core tenets
(discrete, causal, Lorentz invariant spacetime) are not merely approximated but are *derived theorems* within this
ontology, leading to a unified, falsifiable quantum gravity theory.

1.2.4.

Explicit Roadmap for the Categorical Relational Process Ontology

The development of this categorical Relational Process Ontology proceeds systematically through several
interconnected stages, each addressing a critical aspect of fundamental physics and resolving key open questions
from standard Causal Set Theory.

1.2.4.1. The Reification of

Causality

The initial phase involves formally defining the “Causal Category” as the fundamental mathematical structure,
thereby reifying causality as the primary relational substrate of reality. This formalization addresses the problem of
the ontological nature of events (Section 1.1.3.16) by defining them purely through their causal connections, as
established in Part II.

1.2.4.2. The

Description of Dynamics as Functorial Growth

The theory then models spacetime as a self-generating categorical process, describing its evolution and intrinsic
dynamics through the concept of “functorial growth.” This addresses the problem of the dynamical law (Section
1.1.3.1) and background-independent growth (Section 1.1.3.5) by defining cosmic evolution as an internal, self-
contained process, as established in Part III.

1.2.4.3. The

Derivation of the Quantum Measure and Action

This framework resolves the long-standing ambiguity in the definition of the quantum measure for the path integral
by deriving it canonically via Kan extensions, which also reveals a built-in Occam’s Razor for cosmic histories.
This provides a definitive answer to the problem of the quantum measure (Section 1.1.3.2), as established in Part IV.

1.2.4.4. The Framing of

Emergent Geometry

The emergence of macroscopic geometry, including the explanation of spacetime phases, dimensionality, and the
recovery of General Relativity, is rigorously framed through the application of topos theory and categorical
adjunctions. This directly addresses the problems of manifold-likeness (Section 1.1.3.3), dimensionality (Section
1.1.3.4), emergent spacetime topology (Section 1.1.3.8), and the microscopic origin of the Ricci tensor (Section
1.1.3.6), as established in Part V and Part VI.



1.2.4.5. The Unification

of Matter and Forces

A deep unification of matter and forces is achieved by modeling the Standard Model particles and dark matter as
distinct types of “causal excitations”—specifically, stable representations and non-representable functors—over the
fundamental relational substrate. This provides a solution to the problem of particle emergence and unification
(Section 1.1.3.10) and spacetime defects and dark matter (Section 1.1.3.7), as established in Part VII.

1.2.4.6.

The Foundation for Time, Consciousness, and Quantum Mechanics

The framework provides a realist interpretation of time-as-becoming, where the passage of time is the objective
process of colimit completion. It also offers a combinatorial origin for the Born rule and quantum entanglement,
suggesting quantum mechanics itself is an effective statistical theory of a deeper, relational, and processual reality.
This addresses the problems of the Born rule’s derivation (Section 1.1.3.9) and quantum entanglement (Section
1.1.3.11), as established in Part VIII.

1.2.4.7. The

Establishment of Falsifiable Signatures

Finally, the report translates these theoretical developments into concrete, testable predictions, establishing
falsifiable signatures observable in high-precision astrophysical and cosmological data. This directly tackles the
problems of Lorentz violation signatures (Section 1.1.3.12), CMB signatures (Section 1.1.3.13), and integrating
Lorentz violation constraints (Section 1.1.3.14), as established in Part IX.

Part

II: The Causal Category: Reifying Causality as the Fundamental Relational Substrate

This part formally introduces the core mathematical object of the reframed theory: the Causal Category ( ). It
systematically builds this structure from a set of physically motivated axioms that explicitly prioritize relations over
elements, thereby establishing causality as the fundamental, reified substrate of reality. The transition from the
traditional set-theoretic viewpoint to a categorical one is not merely a change in mathematical language but a
profound shift in ontological commitment, moving from atomistic events to a primary network of processes. This
rigorous re-conceptualization aligns directly with the generative thesis of this report, asserting that a process-based
ontology is indispensable for a coherent theory of quantum gravity (Section 1.2.3).

2.1.

From Posets to Categories: Formalizing the Causal Structure

The construction of the Causal Category begins with a re-evaluation of its most basic components: objects and
morphisms. This foundational step is crucial for establishing the relational primacy central to the entire framework.

2.1.1.

Objects (Ob( )): Causal Events as Relational Endpoints

C

C



An object  in a Causal Category represents a fundamental causal event. However, its meaning is
entirely derived from the morphisms (causal processes) connected to it. An event is not an intrinsically defined
entity but rather an endpoint, a domain, or a codomain for these causal processes. Explicitly, these objects possess
no labels or internal properties that grant them an intrinsic identity or “haecceity.” Their “whatness” is entirely
encoded in their participation within the relational network. This conception directly addresses the problem of the
ontological nature of events (Section 1.1.3.16) by dissolving the notion of primitive, unanalyzable “things.” As
further elaborated through the **Yoneda Lemma** (Section 2.3.2), an event’s identity is fully determined by its
network of relations (Quni-Gudzinas, 2025a, 2025d).

2.1.2.

Morphisms (Hom( )): The Primary Ontological Constituents of Reality

In this framework, morphisms are elevated to the status of primary ontological constituents of reality, embodying the
dynamic nature of existence. This directly reflects the core philosophical commitment to “becoming” over “being”
(Section 1.2.1).

2.1.2.1. Causal Processes as

Morphisms

A unique morphism  in  signifies direct causal precedence ( ). Crucially, this
morphism is the causal connection itself, not merely a representation of it. It is the irreducible process that links
event  to event . This aligns with the RPO’s principle that “Arrows are Real,” asserting processes as
fundamentally primitive (Section 1.2.2.1). The directionality of this arrow embodies the flow of influence and
information, establishing the core “verbs” of cosmic evolution (Quni-Gudzinas, 2025d).

2.1.2.2.

Composition (∘) as the Sequential Flow of Causality

The composition of morphisms directly formalizes the sequential unfolding of causal influence. Formally, for
 and , their composition is . Physically, this composition axiom formalizes

the transitivity of causal influence, implying an inherent dynamism where past events propagate effects forward
through a chain of processes, generating a continuous narrative of becoming. This mirrors the fundamental
computational nature of reality, where the universe “computes” its next state through sequential operations (Quni-
Gudzinas, 2025a).

2.1.2.3.

Identity Morphisms (id ) as Eventual Self-Consistency

An identity morphism  represents the trivial causal connection, asserting an event’s self-consistency
within the ongoing causal flow. It signifies that an event, while being a relational node, maintains its integrity
throughout the causal processes it participates in. This is not an idle or redundant element, but a formal statement of
an event’s continuous existence and internal coherence during the process of cosmic becoming.

2.1.3.

The Axioms of a Causal Category: Defining the “Grammar of Becoming”

a ∈ Ob(C)

a, b

f : a → b Hom(a, b) a ≺ b

a b

f : a → b g : b → c g ∘ f : a → c

a

id ​ :a a → a



The Causal Category  is formally defined as a small category satisfying a set of physically motivated axioms.
These axioms provide the fundamental “grammar” for how causal processes interact and constitute reality. They
translate the foundational principles of causal set theory into a rigorous categorical framework (Quni-Gudzinas,
2025a).

2.1.3.1. Axiom I:

Thinness (Irreducible Causality)

This axiom states that for any , . This physically implies that between any two
causally related events, there is at most one fundamental, irreducible causal process. Mathematically, this simplifies
the causal structure to a strict partial order, thereby recovering the standard Causal Set Theory framework as a
baseline. Future research may explore relaxing this axiom to allow for “multi-path quantum causality,” where
multiple distinct causal processes can exist between events, potentially providing a richer substrate for quantum
interference, akin to Feynman’s sum over histories.

2.1.3.2.

Axiom II: Acyclicity (Chronology Protection from First Principles)

This axiom states that the only endomorphisms are identity morphisms:  for all .
Physically, this fundamentally forbids any non-trivial causal loops, such as . This axiom acts as a
categorical chronology protection conjecture, rendering Closed Timelike Curves (CTCs) and their associated
paradoxes logically impossible by construction, rather than merely physically difficult. This implicitly includes
irreflexivity. This directly implements a core component of Axiom C1 (Causal Finitism) from the “Self-Computing
Universe Framework” (Quni-Gudzinas, 2025a), ensuring a well-founded causal structure and preventing infinite
regress in causal chains.

2.1.3.3.

Axiom III: Local Finiteness (The Discrete Quantum of Spacetime Volume)

This axiom states that for any , the set of all intermediate objects  (the causal
interval) is finite. More formally, the hom-set  is finite for any pair of objects . Physically, this
axiom enforces the fundamental discreteness of spacetime. It prevents Zeno’s paradoxes by disallowing infinite
events within any causal interval, providing the rigorous basis for “Number” in “Order + Number = Geometry” and
consequently for spacetime volume and entropy. This discrete counting is the quantum of spacetime volume. This
axiom is a direct categorical formalization of the local finiteness aspect of Axiom C1 (Causal Finitism) from
“Computo Ergo Sum” (Quni-Gudzinas, 2025a), which is crucial for the computability of any event and the inherent
granularity of reality at the Planck scale.

2.1.3.4.

Axiom IV: Skeletality (Categorical General Covariance and Indistinguishability)

This axiom states that any two isomorphic objects are equal: . Physically, an isomorphism
between events  and  means they possess identical patterns of incoming and outgoing causal relations (i.e.,
identical causal pasts and futures). This axiom asserts that if two events are causally indistinguishable, they are the
same event. This builds discrete general covariance axiomatically into the theory, removing any gauge redundancy

C

a, b ∈ Ob(C) ∣Hom(a, b)∣ ≤ 1

Hom(a, a) = {id ​}a a

a → ⋯ → a

a, b {z ∣ ∃f : a → z, g : z → b}
Hom(a, c) a, c

a ≅ b ⇒ a = b

a b



from event labeling and asserting that only the relational structure is physically real. This is the categorical
embodiment of the indistinguishability of fundamental spacetime atoms, directly implementing **Leibniz’s
Principle of the Identity of Indiscernibles** by making relational context the sole determinant of an event’s
“thingness” (Quni-Gudzinas, 2025a).

2.1.3.5.

Axiom V: Transitive Closure (Consistency with Poset Structure)

This axiom states that if there exists a path , then there exists a direct morphism
. Physically, this ensures that the category accurately represents a strict partial order, where chains of causal

influence naturally collapse to a single, composed causal relation. This axiom is implicitly covered by the definition
of composition and thinness but is made explicit for clarity when relating the categorical structure to the familiar
poset definition. It guarantees that the causal relationships are consistent and well-ordered, preventing logical gaps
or ambiguities in the flow of influence.

2.1.4.

The Category of All Causal Categories ( ): The Universe’s Fundamental Configuration Space

The collection of all individual causal categories, satisfying the aforementioned axioms, forms a higher-level
category denoted . This represents the universe’s fundamental configuration space, encompassing all
possible finite or infinite spacetimes consistent with the theory. Its objects are individual causal categories , and its
morphisms are causal embeddings . These embeddings are faithful, full, and injective-on-objects
functors, representing physically consistent ways that one spacetime (a smaller causal category) can be a sub-history
of a larger one. This structure defines the fundamental “transformation rules” and developmental pathways of
universes. From a philosophical perspective, “events” are not primitive substances but nodes in a web of becoming,
with their identity defined only by their relational position—a concept demanded by Leibnizian relationalism and
Einsteinian covariance (Quni-Gudzinas, 2025f). A causal category, as defined, is equivalent to a skeletal, locally
finite, strict poset-enriched category.

2.2.

The Process of Categorification: A Methodological and Ontological Transmutation

This section explicitly details the transition from the set-theoretic view, illustrating how the categorical framework is
a natural and richer successor that inherently encodes the ontological shift to relations. This process involves a
methodological and ontological transmutation of core concepts.

2.2.1.

The Standard Viewpoint: Atomism and Extrinsic Relations

The standard definition of a causal set, , comprises a set  and a binary relation  on that set. This
viewpoint implicitly treats  as a collection of pre-existing, atomistic elements, with the causal relation being an
extrinsic property imposed upon them. This foundation, while mathematically tractable, perpetuates a substance-
based intuition that limits a truly process-oriented understanding. This is the “things-first” bias critiqued in Section
1.1.2, where relations are secondary attributes rather than primary constituents of reality.

2.2.2.

x → z ​ →1 ⋯ → z ​ →k y
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The Nerve Functor: A Formal Bridge from Poset to Category

A formal and canonical bridge exists to transform any poset into a category, revealing the inherent categorical nature
of causal sets. This construction demonstrates that the categorical framework does not abandon previous insights but
rather generalizes and enriches them.

2.2.2.1. The

Canonical Construction of a Causal Category

Any poset  can be canonically transformed into a small, thin category, which we have termed a Causal
Category, via its nerve functor. This construction provides an explicit mathematical mapping from the traditional
framework to the new one, showing that the poset structure is naturally subsumed by the more general categorical
language.

2.2.2.2. Construction Details

In this construction, the objects of the new category are precisely the elements  of the original poset. The
morphisms are defined such that a unique morphism  exists if and only if  in the poset. The identity
and composition axioms of category theory are automatically satisfied by this definition, given the reflexivity and
transitivity of the poset relation. This ensures that the essential structure of causal ordering is perfectly preserved and
formalized in the new language.

2.2.2.3. The Consequence of

Categorification

This formal construction explicitly demonstrates that standard set-theoretic Causal Set Theory is not abandoned but
rather is a specific, restricted subcategory of the broader  framework (specifically, the category of thin
causal categories). This is not an abandonment of prior insights but a fundamental enrichment and generalization
of the theory, opening it to more powerful mathematical tools and a more consistent ontology. It shows that the
traditional approach is a valid, but limited, “slice” of a richer, more dynamic reality.

2.2.3.

Ontological Implications: The Reification of Relations

The categorical reframing carries profound ontological implications, asserting the primacy of relations over isolated
entities. This is central to the Relational Process Ontology.

2.2.3.1. The Primacy of Relations

In the  framework, causal relations (morphisms) are ontologically primitive. Events (objects) are
secondary, their existence and identity defined by their participation in these relations. This establishes a universe
fundamentally composed of dynamic interactions rather than static elements. This is the “Arrows are Real, Objects
are Derived” principle (Section 1.2.2.1, 1.2.2.2), fully instantiated at the foundational level.

2.2.3.2.

Solution to Leibniz’s Principle of the Identity of Indiscernibles

(P , ≺)
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p → q p ≺ q
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The axiom of skeletality (Section 2.1.3.4) directly implements Leibniz’s Principle of the Identity of
Indiscernibles. It rigorously guarantees that no two distinct events can have identical patterns of causal relations.
This makes relational structure the sole determinant of “thingness,” eliminating any primitive, non-relational
individuating properties or “haecceity.” If two events have the same causal past and future, they are the same event;
there is no hidden attribute to distinguish them.

2.2.3.3. The “Substance” of

Causality

The “stuff” or fundamental substance of spacetime, in this view, is not events but the causal connections themselves.
The universe is a dynamic web of interacting processes, where what we perceive as “events” are merely the abstract
junctures or nodes where these processes begin, end, or compose. This aligns with the “Treatise on Waves” (Quni-
Gudzinas, 2025d) and “Resonant Complexity Framework” (Quni-Gudzinas, 2025e), which propose that reality is
fundamentally a dynamic medium of motion, and “to exist is to oscillate.”

2.3.

Philosophical Consolidation: The RPO’s Fundamental Advantages

This section consolidates the philosophical gains of the categorical reframing, demonstrating its power to provide a
more coherent and consistent understanding of reality’s deepest structures, and moving beyond the paradoxes
inherent in a substance-based ontology.

2.3.1. Formalizing

Radical Ontic Structural Realism

The  framework provides the natural mathematical formalism for **Radical Ontic Structural Realism
(ROSR)**. In this view, reality is fundamentally a dynamic web of relations (morphisms), not objects (events) with
intrinsic properties. The universe is the causal structure; its laws are not descriptive of pre-existing entities but are
constitutive of the relations themselves. This resolves the long-standing debate in philosophy of science regarding
the nature of fundamental reality, providing a mathematical language that inherently privileges structure and relation
(Quni-Gudzinas, 2025a, 2025f).

2.3.2.

The Yoneda Lemma: A Foundational Principle of Relational Identity

The Yoneda Lemma, a central theorem in category theory, becomes a profound philosophical principle within the
Relational Process Ontology.

2.3.2.1. Statement of the Yoneda

Lemma

The Yoneda Lemma states that an object  in a category  is uniquely determined (up to unique isomorphism) by its
covariant hom-functor . This functor maps any other object  in  to the set ,
effectively representing all ways  can relate to other objects —i.e., its entire causal future. Dually, it is also
determined by its contravariant hom-functor , representing its entire causal past. This means an
object’s identity is exhaustively defined by its outgoing and incoming connections.

CausCat
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2.3.2.2. Physical Meaning

of the Yoneda Lemma

Translating this into physics, an event is its causal past and its causal future. It has no hidden “haecceity” beyond its
role in the causal web. This provides a rigorous and purely relational definition of individual identity in a universe
where everything is defined by its connections. The “identity” of an event is its relational signature. This explicitly
addresses the problem of event ontology (Section 1.1.3.16) and supports the principle of skeletality (Section 2.1.3.4)
by establishing that the functional role of an event within the causal network is its defining characteristic (Quni-
Gudzinas, 2025a, 2025d).

2.3.3.

Synthesis: The Universe as an Evolving Causal Network

The categorical Relational Process Ontology fundamentally redefines our conception of the cosmos, synthesizing
the dynamic and relational aspects into a unified vision.

2.3.3.1. Beyond

Static Snapshots to Dynamic Becoming

Category theory offers a dynamic, process-based description of reality that set theory, with its static collections of
elements, cannot fully capture. It inherently captures the “becoming” of the universe, where reality is not a sequence
of static snapshots but a continuous, generative flow of processes. This moves beyond the limitations of “passive
spacetime containers” (Quni-Gudzinas, 2025f) to an active, self-generating cosmos.

2.3.3.2. The Universe

as a Self-Organizing System

This framework posits the universe as a **self-organizing causal network**. Its fundamental laws are not external
impositions but are inherent to its very structure and evolution, arising from the consistent composition and
transformation of causal relations. This shifts the focus from an externally governed system to one that is
intrinsically self-regulating and self-generating. This is a core tenet of the “Self-Computing Universe Framework”
(Quni-Gudzinas, 2025a), where Axiom C2 (Computational Closure) describes the universe’s self-governing update
rule.

2.3.3.3.

Forward Look to Quantum Dynamics and Unification

This relational process ontology provides the robust and flexible foundation necessary for a full quantum theory of
dynamics. It offers a principled means of resolving deep quantum paradoxes and unifying fundamental forces, as the
subsequent parts of this report will rigorously demonstrate. It lays the groundwork for a truly background-
independent and intrinsically dynamic theory of quantum gravity.

Part

III: The Dynamics of a Becoming Universe: Functorial Growth and the Quantum Causal Process



This part addresses the central problem of dynamics in Causal Set Theory (CST), systematically reformulating the
stochastic, element-by-element growth of the standard models into a robust and conceptually complete category-
theoretic framework. The universe’s evolution is no longer described as a random addition to a set, but as a
structured, functorial process. This approach provides a more natural language for time, causality, and quantum
indeterminacy, laying the foundation for a full quantum theory of gravity. The discussion moves from describing
individual histories to defining the precise rules that govern the ensemble of all possible histories, preparing the
groundwork for quantization. This functorial framework inherently embodies the “Self-Computing Universe
Framework” (Quni-Gudzinas, 2025a), where the cosmos actively executes its own logical and dynamic evolution
step by step.

3.1.

The Category of Growth Histories: Defining the Space of All Possible Worlds

Before defining the intricate dynamics, it is essential to first formalize the “state space” of possible universes at
different stages of their evolution. This involves constructing a hierarchical category that encapsulates all possible
causal pasts and futures, setting the stage for the processes of cosmic becoming.

3.1.1. The Category of

Abstract Time (Stage)

The concept of time itself is first formalized in its most primitive, ordinal aspect, moving beyond metric-dependent
definitions.

3.1.1.1. Formal

Definition of the Category Stage

The category of abstract time, denoted Stage, is defined as a small, thin, directed category. It is most commonly and
effectively represented by the poset of natural numbers, . Here,  signifies that time step  precedes
or is equal to time step .

3.1.1.2. Objects of Stage

The objects of Stage, denoted , represent abstract, ordinal “time steps” or “stages” of cosmic growth. Each 
can be interpreted as a snapshot of the universe after exactly  causal events have come into being. This provides an
intrinsic, event-indexed measure of progression.

3.1.1.3. Morphisms of

Stage

A unique morphism, , exists in Stage if and only if . This morphism represents the
irreversible, ordered passage of cosmic time from stage  to stage . The uniqueness of the morphism between any
two stages reflects the deterministic progression of the ordinal time parameter, abstracting away any notion of
duration.

3.1.1.4. Philosophical

Significance of Stage
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This Stage category formalizes the purely ordinal aspect of time as more fundamental than metric time (duration),
which will emerge from the causal structure itself (as discussed in Part VIII). It is conceived as the primitive “ticker”
for the universe’s inherent computation, providing an intrinsic measure of progress without reference to external
clocks. This aligns with the “Resonant Complexity Framework” (Quni-Gudzinas, 2025e), where fundamental
temporal dynamics, or “Intrinsic Clocks,” underpin all existence. The irreversible nature of these morphisms reflects
the computational irreversibility that gives rise to the arrow of time, as explored in “Computo Ergo Sum” (Quni-
Gudzinas, 2025a, Section 11.1.4).

3.1.2. The

Category of Finite Causal Histories (FinCausCat)

Next, we define the ensemble of all possible universe-states at any given stage of development, building upon the
Causal Category defined in Part II.

3.1.2.1. Objects of

FinCausCat

The objects of FinCausCat are all possible finite causal categories, , as rigorously defined in Part II. These -
element categories represent all possible states of a universe containing a finite number of events. They function as
the “snapshots” or “sub-histories” of spacetime at discrete moments in its becoming, providing the concrete
configurations for the universe’s self-computation.

3.1.2.2. Morphisms of

FinCausCat

The morphisms in FinCausCat are **causal embeddings**, denoted . A causal embedding is defined
as a functor that is full, faithful, and injective on objects.  **Physical Interpretation:** A causal embedding
represents a physically consistent way that a smaller causal history, , can be a sub-history of a larger one, .
Such an embedding must preserve the causal structure of the past, meaning  contains  without altering its
internal causal relations.  Composition: The composition of embeddings, , physically means that one sub-
history is contained within another, which is then consistently contained within a third, thereby maintaining a
coherent history of containment. This ensures consistency in the unfolding of cosmic history.

3.1.2.3. The Structure of

FinCausCat

The FinCausCat category itself possesses a rich mathematical structure. For example, it is a **cocartesian monoidal
category** under disjoint union. This property is crucial for modeling scenarios such as non-interacting sub-
universes or the creation of new, causally disconnected regions of spacetime, which can be formed by the union of
existing causal categories. This monoidal structure, specifically the disjoint union as its product, provides a
foundational algebraic means for composing spacetime regions, aligning with the “dagger-compact category”
structure that describes quantum systems and topological spacetime processes (Quni-Gudzinas, 2025f, Section
4.6.2.2).

3.1.3.
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Functor Categories for Describing Dynamics ([CausCat, CausCat])

To describe how FinCausCat itself transforms and evolves over time, a higher-order description is required, moving
beyond simple categories to categories of functors.

3.1.3.1. The

Need for Higher-Order Description of Dynamics

To capture the dynamics of how causal categories relate and transform into each other as the universe grows, we
require a framework capable of describing transformations between functors. This necessitates the use of functor
categories, allowing for a rigorous, abstract description of dynamic laws as mappings between entire theoretical
structures.

3.1.3.2. Definition of a

Functor Category

A functor category, denoted , has functors from category  to category  as its objects. The morphisms in
a functor category are **natural transformations** between these functors. This powerful construction allows the
theory to reason abstractly about “theories” (functors) and “transformations of theories” (natural transformations),
providing a flexible language for discussing emergent laws and evolutionary processes, such as how one effective
theory transitions to another under scale changes.

3.2.

The Classical Dynamics: A Functorial Growth Process and Stochastic Transitions

This section translates the established Classical Sequential Growth (CSG) models into the language of functors,
thereby revealing their deeper structure as dynamical systems operating on categories. This reinterpretation
establishes a rigorous foundation for describing how the universe “becomes.”

3.2.1.

A Deterministic Universe as a Single Functor (A Specific History)

In a purely deterministic model, the entire history of a universe can be expressed as a single, structure-preserving
map, representing a single, specific realization of the cosmic computation.

3.2.1.1.

Definition of a Deterministic History Functor

A single, deterministic history of the universe is described by a functor . This
functor effectively constructs a directed diagram in FinCausCat, where each node of the diagram is a causal
category representing the universe at a specific stage.

3.2.1.2. How the

Deterministic History Functor Operates

[D, E ] D E

Γ : Stage → FinCausCat



The functor  operates by mapping each time step, , to a specific -element causal category,
. Furthermore,  maps each ordinal time passage,  (the “next

step” morphism in Stage), to a specific causal embedding, , in FinCausCat. This  represents
the unique way the universe grew at that particular step, implying a specific event, , was born and formed
precise causal links to the existing causal structure .

3.2.1.3. The Completed

Universe as a Colimit

The final, potentially infinite causal universe, denoted , is rigorously defined as the colimit of the diagram
constructed by this functor: . This formalizes the concept of a “growing block universe” where the
past is fixed and objectively defined by the accumulated structure, while the future is continuously being built upon
it through this process of colimit completion. This provides a rigorous physical model of “becoming,” where time’s
passage is the objective process of this colimit construction (Quni-Gudzinas, 2025d, Part VIII).

3.2.2.

A Stochastic Universe via Markov 2-Functors: Formalizing Classical Sequential Growth Dynamics

To accurately model a realistic universe, quantum indeterminacy must be incorporated, requiring a transition from
deterministic growth to probabilistic processes. This formalizes the dynamics of Classical Sequential Growth
models.

3.2.2.1. The Need for

Probabilistic Growth

To introduce quantum indeterminacy, the growth process must be probabilistic rather than strictly deterministic. This
means that at each time step, the choice of embedding  is replaced by a probability distribution over all possible
causal embeddings that could extend  to . This reflects the inherent branching nature of possible cosmic
histories.

3.2.2.2. The

Category of Probability Distributions (Prob)

To formalize probabilistic growth, a target category for probability distributions is defined. The objects of Prob are
probability spaces , comprising a sample space , a -algebra  of measurable events, and a
probability measure . The morphisms in Prob are Markov kernels, which are specific types of stochastic maps,

, describing the probabilistic transition between probability spaces.

3.2.2.3.

The Categorical Space of Stochastic Histories (Stoch(CausCat))

This category is constructed to house stochastic transitions between causal histories. Its objects are probability
distributions over causal categories, denoted . Its morphisms are stochastic maps between these
distributions, which represent probabilistic growth steps for the universe, formally modeling the non-deterministic
evolution of causal structures.
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3.2.2.4.

Definition: The Dynamical Law as a Stochastic 2-Functor Φ

The full dynamical law for a stochastic universe is expressed as a lax 2-functor,
.  Action on Objects:  assigns to each abstract time step  not a

single, specific universe, but a probability distribution  over all possible -element causal categories. 
**Action on Morphisms:  is a Markov kernel**—a specific type of stochastic map—that takes an -
element causal category, , and yields a probability distribution over all possible ways it can grow into an

-element category, . This **stochastic 2-functor  is the dynamical law** (Quni-Gudzinas, 2025a,
Section 3.2.4.1), acting as the universal, computable update rule that governs the universe’s evolution. It formally
realizes Axiom C2 (Computational Closure) from the “Self-Computing Universe Framework” (Quni-Gudzinas,
2025a, Section 2.2.2.0), making it the inherent, immanent algorithm for cosmic becoming.  Laxity: The “lax”
component of the 2-functor accounts for the potential non-associativity of sequential probabilistic choices, making
the composition of probabilities over multiple steps a more nuanced process than simple multiplication. This can
reflect processes like environmental decoherence or coarse-graining, where intermediate information affects the
final probability landscape.

3.2.3.

Enforcing Physical Principles via Natural Transformations

The dynamics described by the stochastic 2-functor  must adhere to fundamental physical principles, which are
formally enforced through conditions expressed as natural transformations. These transformations act as “laws of
consistency” for the evolving universe.

3.2.3.1. Discrete General

Covariance

The probabilities generated by  must be invariant under any re-labeling of events within a causal category. This is
formally enforced by demanding that  is invariant under the automorphisms of the causal categories (i.e., 
consistently respects the skeletality axiom from Part II, Section 2.1.3.4). This is expressed as a fundamental
condition on the naturality of the Markov kernels, ensuring that only the intrinsic relational structure, not arbitrary
labels, dictates dynamics. This formalizes **discrete general covariance**, a cornerstone of background-
independent theories.

3.2.3.2. Bell Causality (Local

Growth Rule)

The probability of adding a new event (i.e., the transition $ *{n} {n+1} $) depends only* on the new event’s causal
past—specifically, its precursor set within . This principle, ensuring local causal influence without instantaneous
action, is encoded as a factorization condition on the Markov kernels, guaranteeing that they consistently respect
the local causal structure. This aligns with Axiom C2 (Computational Closure) (Quni-Gudzinas, 2025a, Section
2.2.2.0), which mandates that the universe’s update rule is strictly local, preventing faster-than-light influences.

3.2.3.3. Markov Sum Rule
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A standard property of Markov kernels applies here: the probabilities for all possible single-event extensions from a
given  must sum to . This ensures that the set of all possible next-step growth outcomes is exhaustive and
consistent, maintaining unitarity in the classical probabilistic sense.

3.2.4.

Resolution of Original Questions within the Classical Functorial Framework

The classical functorial framework provides initial resolutions to several foundational questions posed in Part I.

3.2.4.1.

Resolution of the Problem of the Dynamical Law

The stochastic 2-functor  is the dynamical law. The “landscape” of possible Classical Sequential Growth (CSG)
models is rigorously defined as the space of all such consistent 2-functors. The principle that selects our universe’s
specific law from this landscape might be a meta-principle acting on this space, such as simplicity, or a
renormalization group flow (as discussed in Part V). This directly addresses the problem of the dynamical law
(Section 1.1.3.1).

3.2.4.2.

Resolution of the Problem of Background-Independent Growth

The functorial definition is manifestly background-independent. The Markov kernels  depend only on the
intrinsic structure of the input causal category, , and not on any external space, time, or volume. The “number of
objects,” , serves as the intrinsic measure of growth, replacing external coordinate systems with an internal, self-
referential progression. This directly addresses the problem of background-independent growth (Section 1.1.3.5).

3.2.4.3.

Resolution of the Problem of the Physical Reality of “Becoming” and the Flow of Time

The functorial framework provides the most rigorous physical model of “becoming” developed thus far. Time is the
indexing category Stage, and the passage of time is the continuous application of the functor  to generate the next
state space. The future is genuinely open because it represents the yet-to-be-computed codomain of the next
stochastic map, embodying an objective and irreducible process of actualization. This framework aligns with
“Treatise on Waves” (Quni-Gudzinas, 2025d, Part VIII) which defines “becoming” as the continuous act of colimit
completion, and with Axiom C3 (Information Conservation) of “Computo Ergo Sum” (Quni-Gudzinas, 2025a,
Section 2.2.3.0), where the arrow of time emerges from the irreversible growth of algorithmic complexity. This
directly addresses the problem of the ontological nature of events (Section 1.1.3.16).

3.3.

The Quantum Dynamics: From Classical Channels to Quantum Amplitudes

This section marks the central transition from classical stochastic dynamics to quantum dynamics, moving from
classical Markov kernels and probabilities to quantum channels and complex amplitudes. This is crucial for
incorporating quantum phenomena such as interference.

3.3.1. The
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Shift from Classical to Quantum Probability

To fully describe the quantum nature of the universe’s evolution, a fundamental shift in the mathematical description
of probability is required, moving beyond classical probabilities to complex amplitudes.

3.3.1.1.

Motivation for Quantum Probabilistic Descriptions

Quantum phenomena, particularly interference, cannot be accounted for by simply summing positive probabilities.
Instead, the dynamics must involve a sum over complex amplitudes, which can interfere destructively or
constructively. This necessitates a new mathematical framework for describing state transitions that naturally
accommodates these phase relations.

3.3.1.2. The Target Category

Hilb

To accommodate complex amplitudes and quantum superposition, the category of probability distributions, Prob, is
replaced by Hilb. Hilb is the category of Hilbert spaces, which is a dagger-compact category (Quni-Gudzinas,
2025f, Section 4.6.2). Objects in Hilb are complex Hilbert spaces, and morphisms are linear operators between
them, preserving the inner product structure relevant to quantum mechanics. This category provides the native
algebraic structure for quantum states and operations, allowing for the representation of superposition and
entanglement.

3.3.2.

The Quantum Growth Process as a Functorial Quantum Channel (Profunctorial View)

The quantum dynamics of spacetime growth are formalized through a series of quantum channels, described by
functors acting on Hilbert spaces, allowing for the evolution of quantum states.

3.3.2.1. The

Quantum State of the Universe ( )

The quantum state of the universe at stage  is no longer a classical probability distribution over causal categories.
Instead, it is a vector, , residing in a Hilbert space . This Hilbert space is defined as the span of all possible

-element causal categories: . This  represents a
coherent superposition of all possible universe-histories up to that point, aligning with the wave-based ontology of
“Treatise on Waves” (Quni-Gudzinas, 2025d).

3.3.2.2. The Quantum Channel ( )

The quantum dynamics are described by a sequence of **unitary operators**, or more generally, completely
positive trace-preserving maps known as quantum channels, . This  represents the
quantum evolution that transforms the universe’s state from one stage ( ) to the next stage ( ), accounting for
all possible new events and their causal connections. This generalized view encompasses both coherent unitary
evolution and dissipative processes.

3.3.2.3. The Quantum Dynamics
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Functor ( )

The full quantum dynamics of the universe is formalized as a functor . This functor maps each
abstract time step  to its corresponding Hilbert space  and each ordinal time passage

 to the unitary quantum channel . This construction formalizes the
quantum evolution of the universe’s state space itself in a background-independent manner.

3.3.2.4.

Generalization to a Profunctor (Spans in Stage)

This functorial approach can be generalized using the concept of a profunctor (also known as a generalized functor
or a distributor). We define a Quantization Functor , where  is the
category of spans over Stage. In this context, an object  in Stage can be seen as representing a boundary of
spacetime (e.g., an initial or final condition for a process). The functor  maps this boundary to a Hilbert space

, which represents the quantum states on the -element causal site . A span of the form
 physically represents a cobordism: a growth process from an intermediate stage  that leads

to both stage  and stage . The functor  assigns to this span a propagator, which is a linear map
. This construction constitutes a direct discrete analogue of the path

integral in Topological Quantum Field Theory (TQFT), where the “spacetime” itself is represented by the entire
growth functor , aligning with the framework of “Universe as Self-Proving Theorem” (Quni-Gudzinas, 2025f,
Appendix A, Section 9.4). This framework directly models how quantum operations transform Hilbert spaces,
aligning with the process-oriented view of quantum computing and information processing.

3.3.3.

Connecting to the Path Integral (The Bridge to Part IV)

The quantum dynamics established in this section naturally lead into the path integral formulation, which is the
subject of the next part of this report.

3.3.3.1. Matrix Elements of

the Propagator

The amplitude to transition from a specific causal history  to another causal history , representing a single-step
growth, is given by the matrix element . This element quantifies the quantum probability amplitude
for this specific evolutionary step, analogous to a quantum propagator.

3.3.3.2. Feynman’s Principle

Categorified

Feynman’s principle, which states that the total amplitude for a process is the sum of amplitudes for all possible
paths, is here categorified. This matrix element is postulated to be computed by the path integral over the
microscopic single-step growth processes: . Here,  represents
the action for the specific one-step growth process, which, in later parts, will be a discrete action such as the
Benincasa-Dowker-Glaser action (discussed in Part V, Section 5.1.2) evaluated on the specific embedding .

3.3.3.3. The Stage is Set for
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Quantization

This section has meticulously built the complete, background-independent dynamical framework for a quantum
universe. The quantum state of the universe is described as a vector in a Hilbert space of causal categories, and its
evolution is governed by a unitary map. The precise form of this map, determined by the underlying action functor,
is the central subject of Part IV. This functorial view provides the rigorous, background-independent structure
needed to finally define a consistent path integral for quantum gravity, resolving fundamental ambiguities regarding
the measure over histories.

Part

IV: The Quantum Path Integral as a Kan Extension: From Categorical Dynamics to a Measure on Reality

This part addresses the central challenge of quantizing the dynamics of Causal Set Theory. Building on the
functorial framework for spacetime growth developed in Part III, a full quantum theory is now constructed. It is
demonstrated that the ambiguities inherent in standard path integral formulations—particularly the definition of the
measure over histories—find a natural and unique resolution in the language of category theory. The path integral is
no longer a heuristic sum over ill-defined histories, but a precise mathematical construction known as a Kan
extension, which canonically defines a measure from the universe’s own relational structure, thus giving rise to a
measure on reality. This categorical resolution directly addresses the problem of the quantum measure (Section
1.1.3.2) by providing a principled derivation from foundational principles.

4.1.

The Failure of the Standard Path Integral: The Problem of the Measure Revisited

Before presenting the categorical solution, it is essential to fully appreciate the depth of the problem it solves. The
absence of a unique, physically justified measure over histories is a critical, long-standing obstacle for any quantum
theory of gravity, manifesting in both continuum and discrete approaches.

4.1.1.

In Continuum General Relativity: The Measure over Geometries

The problem of the path integral measure is notorious in attempts to quantize General Relativity (GR) within a
continuum framework.

4.1.1.1. Formal

Expression of the Feynman Path Integral

The Feynman path integral for quantum gravity is formally written as , where
 represents the Einstein-Hilbert action evaluated on a spacetime metric . This integral is meant to sum over

all possible spacetime geometries.

4.1.1.2. The Ill-Defined

Measure ( )

The integral is over the infinite-dimensional space of all possible spacetime metrics . Attempts to define a measure
 (for example, by introducing a metric on the “superspace” of all 3-geometries) have proven notoriously

difficult. A physically meaningful measure must be diffeomorphism-invariant (independent of arbitrary coordinate
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choices), but many proposals explicitly violate this, leading to path integral results that depend on the chosen
coordinate system, rendering them unphysical. This fundamental issue underlies the lack of a fully covariant
quantization of continuum gravity.

4.1.1.3. Divergences

and Regularization Challenges

Without a proper, well-behaved measure, the integral is highly divergent, requiring various non-covariant
regularization schemes that tend to obscure the fundamental physics and introduce arbitrary parameters. These
regularization artifacts often break symmetries, making the interpretation of the quantum theory problematic. Such
divergences further underscore the limitations of a continuous, classical spacetime ontology when confronted with
quantum principles.

4.1.2.

In Discrete Causal Set Theory: The Sum over Histories and Its Weighting Problem

The problem of the measure persists, albeit in a discrete form, in standard Causal Set Theory.

4.1.2.1. The Naive

Sum-over-Causets

The discrete analogue of the path integral is expressed as a sum over all possible causal sets (or causal categories ):
. This sum includes all histories from a given initial state to a final state, each

contributing a quantum amplitude.

4.1.2.2. The Lack of a

Canonical Weighting Factor

This sum, in its naive form, explicitly lacks a canonical weighting factor, , for each history . Without a
principled derivation, any choice of  (such as , , etc., where  is the automorphism
group of the causal set) appears arbitrary, leading to different physical results and undermining the predictive power
of the theory. Ideally, this weighting should reflect the internal relational complexity and symmetries of the causal
set itself, rather than an externally imposed parameter. This arbitrariness is a direct reflection of the unresolved
problem of the quantum measure (Section 1.1.3.2).

4.1.2.3. The

Problem of Convergence and Entropic Dominance

As the number of elements  in a causal set tends to infinity, the space of all -element causal categories is
overwhelmingly dominated by non-manifold-like, “pathological” structures, such as Kleitman-Rothschild orders (as
discussed in Part V, Section 5.1.1.1). For a geometric spacetime to emerge, the action  must induce precise
destructive interference among the amplitudes of these pathological histories. However, the exact form and
effectiveness of this interference depend critically on the choice of the weighting factor , which, in the
standard framework, remains an ambiguous and arbitrary parameter. This poses a fundamental challenge to the
emergence of manifold-likeness (Section 1.1.3.3).
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4.2.

The Quantum Amplitude Functor: Action as a Structure-Preserving Map

The first crucial step in the categorical construction is to elevate the concept of action from a simple numerical
function to a functor. This functor precisely preserves the structural relationships within the space of histories,
reifying the action as an intrinsic, structure-preserving map. This allows for a more natural and mathematically
coherent definition of quantum dynamics. This aligns with the “Self-Computing Universe Framework” (Quni-
Gudzinas, 2025a), where physical laws are understood as immanent theorems derived from categorical structures.

4.2.1.

The Source Category:  (The Space of All Causal Histories)

The input to the action functor is the universe’s fundamental configuration space, representing all possible causal
histories.

4.2.1.1. Objects as

Individual Causal Categories

The objects of the source category are individual causal categories , representing all possible finite or infinite
universes at various stages of development, consistent with the axioms defined in Part II. These objects are the
discrete “paths” or “histories” that the quantum path integral sums over.

4.2.1.2. Morphisms as Causal

Embeddings

The morphisms of the source category are causal embeddings, . These represent physically consistent
ways that one causal history can be contained within or extend another, preserving the fundamental causal structure.
The composition of these embeddings naturally defines longer, more complex histories.

4.2.2. The

Target Category:  (The Realm of Quantum Phases)

The output of the action functor is a quantum phase, which must reside in a category that correctly models complex
amplitudes, the fundamental currency of quantum interference.

4.2.2.1.

Definition of  as the Category of Quantum Phases

The target category is . This is a category with a single object, denoted , representing “a quantum state.” Its
endomorphisms are the complex numbers of unit modulus, , which correspond to quantum phases.

4.2.2.2. Composition in 

Composition of morphisms in  is simply the multiplication of complex numbers: .
This property naturally aligns with the phase accumulation in quantum mechanics, where successive actions lead to
a sum of phases.
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4.2.2.3. Physical Interpretation

of 

The category  is the category of quantum phases, serving as the fundamental building block of quantum
amplitudes. Each  represents a specific quantum amplitude, which will contribute to the total path integral. This
formalizes the crucial role of phase in quantum interference phenomena.

4.2.3. Definition: The

Action Functor 

The action, traditionally a scalar value, is now formalized as a functor, embedding its physical properties directly
into its mathematical structure.

4.2.3.1. The Functor 

The action is formalized as a functor . Alternatively, for a more general quantum
amplitude framework,  can be viewed as a functor , where  is a
symmetric monoidal category (e.g., ), mapping  to . This functorial definition elevates the action
to a structure-preserving map, emphasizing its intrinsic role.

4.2.3.2. Action on Objects

(Histories)

 maps a causal category  to its quantum phase, , where  is the numerical
value of the classical action (e.g., the Benincasa-Dowker-Glaser action) evaluated on the specific causal category .
This assigns a phase to each possible history, crucial for interference.

4.2.3.3. Action on Morphisms

(Embeddings)

For a causal embedding , the functor  must map  to a phase . This phase
 reflects the action associated with the growth step or causal transformation from  to . This ensures that the

action is not merely a global property but also associated with the elementary processes of spacetime growth.

4.2.3.4.

Functorial Condition (Locality and Compositionality)

The fundamental functorial condition  (which, in , means
 due to composition being multiplication) implies that the action of a composite history

is the sum (or product of phases) of the actions of its parts. This condition naturally encodes the locality and
compositionality inherent in physical action principles, ensuring that the total action for a sequence of causal events
is consistently built from the actions of individual steps. This aligns with Axiom C2 (Computational Closure) from
“Computo Ergo Sum” (Quni-Gudzinas, 2025a, Section 2.2.2.0), which mandates a local, computable update rule.

4.3.

The Path Integral as a Right Kan Extension: Canonical Derivation of the Measure
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The central thesis of this part is that the quantum partition function (path integral) is a specific universal construction
in category theory known as a right Kan extension. This powerful construction uniquely defines a measure from
the universe’s own relational structure, fundamentally resolving the long-standing ambiguity of the path integral
measure.

4.3.1.

The Universal Problem of Integration in Categories: Why Kan Extensions?

Kan extensions provide a categorical generalization of fundamental mathematical concepts like adjoint functors,
limits, and integration. They offer a canonical way to “integrate” or “sum” over complex categorical domains.

4.3.1.1. Motivation for

Using Kan Extensions

A standard integral or sum effectively collapses a function defined over a large space to a single value. A Kan
extension is the categorical generalization of this concept, providing an “optimal extension” of a functor from a
small subcategory to a larger category, or, in our case, an “integration” of a functor over a complex categorical
domain. This method offers a universal and principled way to define the sum over histories.

4.3.1.2. The Setup for the Path

Integral

The goal is to “integrate” the action functor , which is defined over the entire category
of causal histories, along the unique functor . Here,  is the terminal category (having a
single object  and a single identity morphism ). This functor  effectively “collapses” the entire  to
a single point, representing the total sum or integral over all histories.

4.3.2.

Formal Definition: The Path Integral as 

The quantum partition function is formally defined through this universal construction, ensuring its uniqueness and
naturality.

4.3.2.1.

Definition of the Quantum Partition Function 

The quantum partition function  is formally defined as the component of the right Kan extension of  along ,
denoted , evaluated at the single object  of the terminal category :

This definition places the path integral within a universal categorical framework, ensuring its mathematical rigor.

4.3.2.2. The Universal

Property of Kan Extensions
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This Kan extension is defined by a universal property. It is the “best possible” (most natural) approximation or
extension of  from the perspective of the terminal category . This means  represents the most consistent and
natural way to totalize the actions of all possible histories in , without arbitrary choices.

4.3.3.

The Coend Formula: Unpacking the Kan Extension to Reveal the Canonical Measure

The abstract definition of the Kan extension can be unpacked via the coend formula, which explicitly reveals the
canonical measure over causal histories, resolving the long-standing ambiguity.

4.3.3.1. The Coend Formula

for Kan Extensions

For any right Kan extension, there exists a powerful formula, the coend formula, which expresses it as an abstract
integral (or a colimit in this discrete case, due to the nature of categories like ):

This abstract notation implicitly contains the weighting factor for each object .

4.3.3.2.

Unpacking the Coend for Causal Set Theory (Isomorphism Classes and Automorphism Weights)

When applied to our specific setup in Causal Set Theory, this abstract integral unpacks into a concrete sum over
isomorphism classes of causal categories, each weighted by the inverse of the cardinality of its automorphism group.
The sum is over isomorphism classes  of causal categories . The canonical measure  emerges as

, where  is the automorphism group of .

Here,  denotes the set of isomorphism classes of causal categories (the connected components of
the “space of universes”). The term  is the cardinality of the automorphism group of the specific causal
category .  **Novel Connection: Hom-Functor as Invariant Measure**: For a fixed “initial seed” causet , the
number of embeddings  can be identified with a hom-functor . The path integral can be

written as a coend: . This form shows the amplitudes are
weighted by their “accessibility” from an initial condition. This measure is unique up to natural isomorphism under
the requirement of covariance and local finiteness, directly addressing the foundational problem of arbitrary measure
choices.

4.3.3.3.

Physical Interpretation of the Canonical Measure 
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The specific form of the canonical measure has profound physical implications.  Discrete General Covariance:
The sum  is now rigorously over isomorphism classes of causal categories, . This automatically ensures
discrete general covariance, meaning the path integral result is independent of arbitrary event labeling or specific
birth orders, which is crucial for a physically meaningful quantum gravity that lacks a fixed background. This aligns
with Axiom IV (Skeletality) from Part II (Section 2.1.3.4), where causally indistinguishable events are identical. 
Built-in Occam’s Razor: The weighting factor  means that highly symmetric, simple histories (those
with a large automorphism group, ) are weighted less heavily in the sum, while complex, asymmetric
histories (with a small automorphism group) are weighted more. This acts as a profound built-in “Occam’s Razor”:
the theory preferentially selects complex and information-rich explanations for reality, as opposed to highly
degenerate or overly simple structures that may lack distinguishing features.  **Entropic Suppression:** In
statistical mechanics, factors of  also appear when correctly counting distinct configurations. This
weighting helps to counteract the entropic dominance of pathological (non-manifold-like) causal sets by implicitly
favoring those with less symmetry, or ensuring proper counting in the path integral, thus aiding in the emergence of
geometry.

4.3.4.

Resolution of the Problem of the Quantum Measure

The category-theoretic framework provides a definitive answer to the long-standing problem of the quantum
measure.

4.3.4.1. Uniqueness

and Naturality of the Measure

The measure is no longer an ad hoc choice or an arbitrary input. It is the canonical representable measure,
uniquely derived from the universal properties of Kan extensions and the intrinsic structure of . It is the
unique measure that is consistent with the functorial nature of the action and the categorical definition of
summation, ensuring a principled quantum summation. This directly addresses the problem of the quantum measure
(Section 1.1.3.2).

4.3.4.2. Physical

Justification of the Measure

The weighting by the inverse of the symmetry group ( ) is physically justified by the principle of
indistinguishability. It ensures that the path integral correctly accounts for the indistinguishability of fundamental
spacetime atoms (as per Axiom IV in Part II, Section 2.1.3.4), providing a deep physical rationale for this otherwise
arbitrary-looking factor.

4.4.

A Concrete Example: Quantizing a Toy Model (The Quantum 2-Sphere)

To illustrate this abstract formalism with a concrete application, we can apply it to a simple toy model, such as
quantizing a 2-sphere using causal categories.

4.4.1. The Classical

Setup for the Toy Model
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Consider a 2-sphere causal set  generated by sprinkling points into a continuous 2-sphere manifold, . The action
used for this toy model is taken to be the Benincasa-Dowker-Glaser (BDG) action, adapted for 2-dimensional causal
sets. This provides a simplified, yet illustrative, context for applying the categorical path integral.

4.4.2. Defining

the Action Functor for the Toy Model

The action for this specific toy model is formalized as a functor , where
 denotes the subcategory of causal categories that can approximate a 2-sphere. This functor maps

each causal history approximating the 2-sphere to a corresponding quantum phase.

4.4.3.

Computing the Kan Extension for the Quantum 2-Sphere

To compute the partition function for the quantum 2-sphere, the Kan extension would involve a sum over all
isomorphism classes of finite causal categories that approximate the sphere. For each such class, the measure term

 would be explicitly computed. The automorphism group  for these discrete causal categories
would be directly related to the discrete isometries of the approximating causal category.

4.4.3.1. Expected

Result for the Quantum 2-Sphere

The partition function , computed through this categorical path integral, is expected to reproduce known
results from other quantum gravity approaches to the quantum 2-sphere, such as the Hartle-Hawking state in
simplicial quantum gravity. However, in this framework, it would be derived from a more fundamental, categorical
basis, providing a direct path to calculation and verification of the theory’s consistency with established results in
simpler models. This concrete example demonstrates the practical applicability and predictive power of the
categorical approach.

Part

V: The Emergence of Geometry: Phases, Dimension, and Topology from a Relational Substrate

This part addresses the “measurement problem” of Causal Set Theory: how do the familiar, continuous properties of
macroscopic spacetime emerge from the fundamentally discrete, relational, and quantum substrate of the causal
category? We demonstrate that concepts like dimensionality, geometric phase, and topology are not primitive axioms
but are emergent universal properties. These properties are revealed through a sophisticated interplay of **topos
theory**, which describes the logical structure of possible universes, and a categorical formulation of the
**renormalization group**, which describes how these structures behave across different scales. This section
systematically addresses the original open questions related to the macroscopic features of our universe, particularly
the problems of manifold-likeness (Section 1.1.3.3), dimensionality (Section 1.1.3.4), spacetime defects and dark
matter (Section 1.1.3.7), and emergent spacetime topology (Section 1.1.3.8). This approach aligns with the
“Universe as Self-Proving Theorem” (Quni-Gudzinas, 2025f) and “Axiomatic Universe” (Quni-Gudzinas, 2025b),
where physical laws and geometry emerge from underlying logical necessity.

5.1. The

Problem of Geometric Fidelity: Why Manifold-Like?
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The most profound question for any discrete theory of quantum gravity is why our universe appears continuous,
local, and four-dimensional. In Causal Set Theory (CST), this translates to explaining the suppression of non-
geometric (“bad”) histories. This problem is directly addressed by the mechanism of destructive interference in the
path integral.

5.1.1.

The Entropy Problem: The Overwhelming Dominance of Non-Manifoldlike Histories

The phase space of possible causal categories is vast and complex, raising the fundamental challenge of explaining
the selection of geometric structures. This is often referred to as the “entropy problem” (Section 1.1.3.3).

5.1.1.1.

Kleitman-Rothschild Orders as Pathological Structures

As the number of elements  in a causal set tends to infinity, the vast majority of -element causal sets belong to a
three-layered family known as **Kleitman-Rothschild (KR) orders**. These structures, characterized by specific
densities of relations between layers, have no resemblance to a continuous manifold; they are highly symmetric but
combinatorially disconnected. They represent the “pathological” or “bad” histories in the path integral sum.

5.1.1.2. The Combinatorial

Catastrophe

The number of KR orders grows superexponentially, approximately as , while the number of

manifold-like causal sets grows much more slowly (e.g.,  for four-dimensional manifolds). This stark disparity
implies that a naive sum over all causal sets, if unweighted, would be overwhelmingly dominated by these
pathological, non-manifold-like configurations, preventing the emergence of recognizable spacetime. This is the
**combinatorial catastrophe** that must be overcome for a geometrically coherent universe to emerge.

5.1.1.3.

The Need for Destructive Interference to Filter Histories

For a geometric spacetime to emerge and be detectable, the path integral (as defined in Part IV) must ensure that the
amplitudes for these non-manifold-like histories interfere destructively. This necessitates a precise action principle
that assigns phase factors in such a way that only geometric histories contribute significantly to the sum. Without
this mechanism, the observed manifold-like nature of our universe remains unexplained.

5.1.2.

The Action as a Filter: The Benincasa-Dowker-Glaser Action

The discovery and application of specific discrete actions, such as the Benincasa-Dowker-Glaser (BDG) action,
provide a crucial mechanism for filtering out non-geometric histories by inducing precise destructive interference.

5.1.2.1.

Definition of the Benincasa-Dowker-Glaser Action
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The BDG action is a discrete scalar quantity constructed from the causal set’s fundamental link structure. For a
causal category , it is given by the formula:

Here,  is the total number of elements in ,  denotes the number of elements with exactly  links to their
past (i.e., having  direct predecessors), and  are dimension-dependent coefficients.

5.1.2.2. Physical

Interpretation of the BDG Action

This action, , has been shown to approximate the Einstein-Hilbert action plus a boundary term in the
continuum limit, for causal sets that are faithful sprinklings into Lorentzian manifolds (as discussed in Part VI). Its
value is directly related to the discrete analogue of the Ricci curvature of an approximating manifold, providing a
combinatorial measure of spacetime curvature.

5.1.2.3.

Suppression of Kleitman-Rothschild Orders by Destructive Interference

When evaluated on a Kleitman-Rothschild (KR) order, the BDG action takes specific values that lead to strong
destructive interference in the path integral . For example, numerical analysis suggests that in four
dimensions, if the discreteness scale  is greater than approximately  times the Planck length ( ), the
suppression factor for these pathological histories can be astronomically large, on the order of  for a
cosmologically-sized universe. This mechanism effectively removes non-geometric configurations from the
physically relevant spectrum of cosmic histories, thereby addressing the problem of manifold-likeness (Section
1.1.3.3) by dynamically selecting for geometries.

5.2.

The Classifying Topos of Causality: A Unified Framework for Phases

To elevate the discussion of “phases” from a metaphor to a rigorous mathematical concept, we introduce the idea of
a **classifying topos**. This structure provides a rich logical and topological framework for understanding the
different possible states of the universe and rigorously defining emergent properties. This aligns with the “Computo
Ergo Sum” (Quni-Gudzinas, 2025a, Appendix A, Section 9.3) framework, where topos theory provides the native
intuitionistic logic for quantum reality.

5.2.1.

The Presheaf Topos : The Universe of All Possibilities

The foundational arena for understanding emergent geometry is a specific type of topos. This category of presheaves
provides a contextual logic suitable for describing a quantum gravitational reality.

5.2.1.1. Objects as

Presheaves and Properties
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The classifying topos is defined as the category of presheaves over the category of causal categories:
. The objects in this topos are presheaves, which are contravariant

functors . These presheaves can be interpreted as “properties” or “propositions” about
causal categories, assigning a set of data (e.g., local dimension estimates, scalar field values, curvature measures) to
each causal category in a way that respects causal embeddings.

5.2.1.2. Internal Intuitionistic

Logic

A crucial feature of a topos is its **internal intuitionistic logic**. This logic allows for reasoning about propositions
in a fundamentally contextual way. A proposition about a causal set is not globally true or false (the Law of
Excluded Middle does not universally hold) but is “true” only within specific contexts (i.e., larger causal categories
or subcategories where it consistently holds). This provides the natural logical setting for a theory where geometric
properties and causality are fundamentally contextual and relational, rather than absolute, directly addressing the
limitations of classical Boolean logic for quantum contexts (Quni-Gudzinas, 2025a, Appendix A, Section 9.3.1.3).

5.2.1.3.

Subobject Classifier ( ) and Contextual Truth Values

The internal logic of  is governed by its subobject classifier, . This is an object within the
topos whose “elements” (generalized elements, or global sections) correspond to “truth values” in the internal logic.
For a given causal category , the fiber  represents the truth value of a proposition about  at that specific
stage of cosmic history. This multi-valued nature of truth is essential for modeling quantum phenomena where
propositions are often indeterminate or context-dependent prior to measurement.

5.2.2.

Defining Phases as Subterminal Objects (Truth Values)

The concept of distinct “phases” of spacetime finds a precise and rigorous definition within this topos-theoretic
framework, grounding them in fundamental logical consistency. This provides a formal basis for understanding how
different emergent realities can exist.

5.2.2.1. Phase as a Subterminal

Object

A “phase of spacetime” is rigorously identified with a subterminal object, , in the topos—a monomorphism
, where  is the terminal object. This corresponds to a global truth value for a specific property. For

instance, “being in the geometric phase” is a mathematically precise proposition within the topos’s internal logic,
reflecting a fundamental property that either holds or does not hold for a given causal history.

5.2.2.2. The Geometric Phase

( )
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The geometric phase, , is formally defined as the subobject corresponding to the proposition: “There exists a
faithful embedding into a globally hyperbolic Lorentzian manifold  such that the sprinkling density is
approximately constant.” Causal categories in this phase possess a consistent underlying continuum interpretation.
This phase represents the region of the universe where our classical understanding of spacetime is a valid
approximation.

5.2.2.3. The Random Phase ( )

Conversely, the random phase, , is defined by the proposition: “The causal set is a Kleitman-Rothschild order
or another highly disordered, non-manifold-like structure.” Causal categories in this phase lack a coherent
continuum approximation. This phase represents the vast “Swampland” of inconsistent or non-geometric histories
that do not manifest in our observed universe (Quni-Gudzinas, 2025f, Appendix A, Section 9.5.3).

5.2.3.

Manifold-Likeness as a Sheaf Condition: The Defining Property of the Geometric Phase

The emergence of manifold-likeness is precisely characterized by a specific coherence condition within the topos
framework, moving beyond statistical approximations to a rigorous logical definition.

5.2.3.1. The

Presheaf of Local Observables ( )

To capture geometric properties, we define a presheaf  that assigns to each causal
category  its set of “local geometric observables.” These observables include local dimension estimates (e.g., from
interval counts), scalar curvature values derived from the BDG action (Section 5.1.2.2), and other local
combinatorial invariants. A novel connection exists here: the emergence of a smooth manifold from  is formalized
if  admits a **locally representable sheaf** of coordinates. This requires a functor

 from the poset of Alexandrov intervals in  to Lorentzian manifolds, such that
 satisfies descent (gluing conditions). This ensures that local “patches” of causal structure can be consistently

identified with regions of a manifold, and that this identification is self-consistent over overlaps.

5.2.3.2. The Gluing Condition

(Sheaf Axiom)

A causal category  is rigorously considered to be in the geometric phase if and only if the presheaf , when
restricted to the poset of its causal intervals, satisfies the sheaf condition. This condition is a powerful “gluing”
axiom: it states that any compatible collection of local geometric data (defined on overlapping causal intervals
within ) can be uniquely assembled (“glued”) into a consistent piece of global geometric data on the larger causal
interval. This ensures that local observations are globally coherent.

5.2.3.3.

Physical Interpretation of the Sheaf Condition for Manifold-Likeness

The sheaf condition provides a precise physical interpretation for manifold-like spacetimes. Such spacetimes are
precisely those whose local geometric properties are consistent with each other, allowing for a coherent global
structure to emerge. This mechanism fundamentally resolves the question of how local discrete relations can give
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rise to global continuity, bridging the gap between quantum discreteness and classical smoothness.

5.2.3.4.

Failure of the Sheaf Condition for Non-Geometric Causets

Pathological structures, such as Kleitman-Rothschild orders, fail the sheaf condition catastrophically. Their
inherent causal structure is too “thin,” “layered,” or “disordered” to allow for the consistent gluing of local
geometric information into a globally coherent structure. This formalizes their non-geometric nature within the
topos, explaining why they do not resemble familiar spacetime geometries.

5.2.4.

The Phase Transition as a Change in Coherence in the Topos

The boundary between different phases of spacetime is described as a change in the coherence properties within the
classifying topos. This mechanism provides a dynamic explanation for the universe’s observed properties.

5.2.4.1. Critical Action

Parameter ( )

The action functional,  (from Part IV, Section 4.2.3), can be deformed by a coupling parameter . This
parameter, which could represent a fundamental non-locality or a new interaction strength, influences the relative
weighting of geometric versus non-geometric histories in the path integral. As  varies, the distribution of
amplitudes over  shifts. A novel connection here is an explicit deformation:

.

5.2.4.2. Loss of

Coherence at a Critical Value

At a critical value , the sheaf condition for the geometric phase *fails to hold globally*. This signifies a phase
transition within . Numerical evidence from two-dimensional causal set simulations, which
exhibit hysteresis and critical slowing down near such transitions, confirms their thermodynamic nature. In the
geometric phase, quantum fluctuations are suppressed, allowing for classical emergence; in the random phase, these
fluctuations dominate, preventing the formation of coherent geometry.

5.2.4.3.

Resolution of the Problem of Manifold-Likeness (Geometric Fidelity)

The topos framework provides a sharp, logical distinction between phases as subtoposes where certain coherence
conditions (sheaf axioms) hold. The path integral, with its canonically derived measure, is concentrated on the
“sheafifiable” subtopos (the geometric phase) due to destructive interference of non-sheafifiable histories. 
**Answer to Question 1.1.3.3 (Manifold-Likeness)**: Yes, the space of causal sets has distinct phases. The
geometric phase is stable and dynamically selected by the action. Our universe resides in this phase. A violent event
could potentially trigger a localized phase transition, creating a topological defect—a “hole” in spacetime where the
sheaf structure breaks down.
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5.3.

Dimensional Emergence as a Stable Natural Transformation

The macroscopic dimension of spacetime is not a fixed input but an emergent property that becomes stable in the
macroscopic limit. This is rigorously formalized using functors and natural transformations within the topos
framework, addressing the problem of dimensionality (Section 1.1.3.4). This aligns with the concept of “spectral
dimension flow” from “Axiomatic Universe” (Quni-Gudzinas, 2025b, Section 4.1.2) and “Map is Not the Universe”
(Quni-Gudzinas, 2025f, Section 3.3).

5.3.1.

Dimension Estimators as Functors to the Category of Reals

To quantify dimension, various estimators are formalized as functors, providing a consistent mathematical
framework for measuring dimensionality in discrete geometries.

5.3.1.1. Formalizing Dimension

Estimators

Each dimension estimator (e.g., Myrheim-Meyer dimension, midpoint-scaling dimension, spectral dimension) is
formalized as a functor , where  is a category representing real numbers. This
functor maps each causal category  to its estimated dimension.  **Novel Connection**: Let

 be functors assigning the number of elements and relations, respectively, within a
causal interval. The Myrheim-Meyer dimension is then defined by the equation: , which
implicitly defines a natural isomorphism class  in the functor category . Similarly, the
spectral dimension arises from a diffusion functor, , where  is the return
probability of a random walk on  at “diffusion time” , and its asymptotic decay rate gives .

5.3.1.2. The

Challenge of Convergence of Estimators

For these estimators to collectively define a single, consistent dimension for spacetime, they must demonstrably
agree in the macroscopic limit (i.e., for large numbers of causal set elements). This convergence is crucial for the
physical interpretability of the emergent dimension.

5.3.2.

The Macroscopic Dimension as a Stable Natural Isomorphism

The macroscopic dimension is revealed through the convergence of these estimators, indicating a robust and
consistent value for spacetime dimensionality at large scales.

5.3.2.1. Stability

Condition in the Geometric Phase

In the geometric phase and in the limit of large causal sets ( ), all well-behaved dimension estimator
functors should agree. Numerical simulations consistently show these estimators converging to  for manifold-like
causal sets, indicating a stable emergent dimensionality.
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5.3.2.2. Formal

Statement of Macroscopic Dimension

There exists a natural isomorphism  (and similar isomorphisms between other
robust estimators). The constant value of this natural isomorphism, , for sufficiently large  is the
macroscopic dimension. This signifies that the emergent dimension is robust, consistently estimated across different
methods, and fundamentally a property of the relational structure.

5.3.3.

The 4D Universe as a Stable Fixed Point of a Categorical Renormalization Group

The observed four-dimensionality of our universe is not an accidental feature but a consequence of dynamical
stability. This stability arises from the underlying renormalization group flow on the space of causal theories,
selecting for robust and consistent geometries.

5.3.3.1. Categorical

Renormalization Group (CRG) Flow

We define a coarse-graining endofunctor  for each scale parameter 
(representing the length scale being coarse-grained). This functor effectively “forgets” fine-scale causal structure
(e.g., by merging nearby events or deleting short causal links). Iterating  defines a renormalization group flow on
the space of theories (presheaves in the topos).  Novel Connection: Coarse-graining can be explicitly modeled by
a family of **adjoint functors**: , where  forgets fine-scale structure
and  reconstructs possible refinements. As , these form a direct system of adjunctions, and the
**continuum limit is the inverse limit**  in the 2-category of categories. If this limit contains a

subcategory equivalent to  (the category of globally hyperbolic Lorentzian manifolds), then GR emerges
as a fixed point of the renormalization group flow.

5.3.3.2. The

Fixed-Point Hypothesis for General Relativity

The theory of General Relativity in four dimensions is conjectured to be an attractive fixed point of this functorial
flow. Theories with other dimensions are conjectured to be unstable under this flow (i.e., they flow away from the
fixed point in the infrared limit), indicating that they are not generically observed at macroscopic scales. This
provides a dynamical explanation for the observed dimensionality.

5.3.3.3. Physical

Mechanisms for 4D Stability

The stability of four dimensions arises from a delicate balance of physical principles:  Balance of Fluctuations:
In four dimensions, a unique balance exists between quantum fluctuations (which tend to reduce the effective
dimension) and the classical action (which tends to favor higher dimensions). This balance creates a stable point in
the renormalization group flow.  Minimality of Divergences: From a quantum field theory perspective, four-
dimensional General Relativity is a marginal theory, which often leads to a stable fixed point in renormalization
group flows (Quni-Gudzinas, 2025f, Section 2.5.3.3.2).  **Numerical Evidence:** Simulations (e.g., in Causal
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Dynamical Triangulations) provide compelling numerical evidence for four dimensions as a stable phase, with other
dimensions being unstable or non-physical (Quni-Gudzinas, 2025f, Section 6.3.2.4). Monte Carlo simulations of 2D
causal set models also show clear evidence of a phase transition between a “crumpled” phase (highly connected, low
dimension) and an “extended” phase (tree-like, higher dimension), driven by the action, further supporting the
dynamic selection of dimension.

5.3.3.4. Resolution

of the Problem of Dimensionality

Our universe is four-dimensional because four-dimensional geometry is the unique, stable, universal macroscopic
limit that emerges dynamically from the underlying discrete quantum dynamics after fine-grained details are
integrated out through the renormalization process. This resolves the problem of dimensionality (Section 1.1.3.4)
without invoking anthropic arguments or external postulates.

5.4. Spacetime

Topology as a Functorial Invariant

Beyond local geometry and dimension, the global topology of spacetime (e.g., whether it is a sphere or a torus) must
also emerge consistently from the causal category, addressing the problem of emergent spacetime topology (Section
1.1.3.8).

5.4.1.

The Homology Functor: Extracting Global Topological Invariants

To extract global topological information, a homology functor is employed, mapping causal categories to algebraic
structures that quantify large-scale connectivity.

5.4.1.1. Constructing

the Nerve Simplicial Complex

The underlying technique is to construct a **simplicial complex** from “thickened antichains” of the causal
category . These antichains represent spacelike hypersurfaces. The nerve of this construction, which is a geometric
realization of the category, captures the topological shape of the emergent spacetime.

5.4.1.2. The Homology Functor ( )

We define a functor  (the category of abelian groups). This functor maps a causal
category  to its -th homology group, . The homology groups are powerful topological invariants that
count “holes” of different dimensions, providing a quantitative measure of the global connectivity and structure of
the emergent manifold.

5.4.1.3.

Faithfulness and Stability of the Topological Mapping

C
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For manifold-like causal categories  in the geometric phase, this functor is faithful, meaning it preserves the
underlying topological distinctions. Its output, , is stable and isomorphic to the homology of the spatial
slices of the underlying continuous manifold that  approximates. This confirms that the discrete causal structure
robustly encodes continuous topological properties.

5.4.2. The

Hauptvermutung as Functorial Faithfulness

The long-standing Hauptvermutung, or “main conjecture,” in CST regarding the uniqueness of emergent geometry,
is re-expressed in categorical terms, providing a rigorous statement about the fidelity of the emergence process.

5.4.2.1. The Conjecture

for Emergent Geometry

The Hauptvermutung, which states that a causal set corresponds to a unique macroscopic spacetime manifold, is
formally recast as the statement that the emergence functor  (from Section 6.1) is
faithful when restricted to the subcategory of manifold-like causal categories.

5.4.2.2.

Physical Interpretation of Functorial Faithfulness

This faithfulness ensures that the causal structure fully determines the emergent spacetime geometry and topology,
without ambiguity. It implies that a physically distinct emergent manifold must originate from a causally distinct
causal category, thereby reinforcing the relational primacy.

5.4.3.

Resolution of the Problem of Spacetime Topology

The categorical framework offers a dynamic explanation for the observed simplicity of cosmic topology. This
resolution arises from the selection mechanisms inherent in the quantum path integral.

5.4.3.1.

Action-Driven Selection of Simple Topologies

The quantum path integral’s action,  (from Part IV, Section 4.2.3), is conjectured to dynamically favor causal
categories with simple topologies (e.g., trivial homology groups, corresponding to the absence of large-scale “holes”
or complex connections). This occurs by suppressing those histories with complex or highly connected structures
through precise destructive interference, similar to the mechanism for suppressing non-manifold-like histories
(Section 5.1.2.3).

5.4.3.2.

Cosmological Implications of Topological Selection
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This action-driven selection mechanism provides a principled explanation for the observed simplicity and apparent
flatness of our universe’s large-scale topology. It resolves the problem of emergent spacetime topology (Section
1.1.3.8) as a direct consequence of the underlying quantum dynamics and the action principle, rather than requiring
specific initial conditions or external fine-tuning. This, in turn, suggests that cosmic topology is a derived theorem
within this Relational Process Ontology.

Part

VI: The Semi-Classical Limit: Recovering General Relativity as a Categorical Law of Consistency

This part addresses the ultimate consistency check for any theory of quantum gravity: its ability to reproduce
General Relativity (GR) as its macroscopic, low-energy limit. The discussion moves from the discrete, quantum
realm of the causal category to the smooth, continuous spacetime of classical physics. This emergence is rigorously
achieved by formalizing the “coarse-graining” of the discrete structure into a smooth manifold via a categorical
adjunction, providing a precise two-way bridge between the two realms. The rigorous framework then
demonstrates that Einstein’s field equations emerge not as fundamental axioms, but as a natural transformation—a
universal law of relational consistency—that expresses the stationarity of the quantum action on this emergent
geometry, subject to the presence of matter. This provides a deep, intrinsic derivation of GR from the underlying
Relational Process Ontology (RPO), thereby resolving the problems of background-independent growth (Section
1.1.3.5) and the microscopic origin of the Ricci tensor (Section 1.1.3.6). This categorical derivation aligns with the
“Axiomatic Universe” framework (Quni-Gudzinas, 2025b), where physical laws are seen as derived theorems.

6.1.

The Sprinkling-Emergence Adjunction: A Formal Bridge Between Discrete and Continuous Worlds

The relationship between the discrete causal category and the continuous Lorentzian manifold is not merely an
approximation; it can be rigorously formalized as a mathematical duality known as an adjunction. This provides a
precise and self-consistent two-way bridge, ensuring a controlled and well-defined connection between the quantum
gravitational dynamics and the classical spacetime we observe.

6.1.1.

The Sprinkling Functor (S): From Manifold to Causal Category

The first component of the adjunction is the process of translating a continuous manifold into a discrete causal
category. This functor effectively “discretizes” classical spacetime into its underlying quantum gravitational building
blocks.

6.1.1.1. Source and

Target Categories for Sprinkling

The source category is , the category of globally hyperbolic Lorentzian manifolds (representing
classical spacetimes) with causal embeddings as its morphisms (structure-preserving maps between manifolds). The
target category is , the category of causal categories (as defined in Part II), representing the discrete
quantum spacetimes.

6.1.1.2.

Action on Objects: Poisson Sprinkling and Isomorphism Classes

LorMan

CausCat



For a given Lorentzian manifold , the sprinkling functor, , maps it to the **isomorphism class** 
of the causal category . This  is obtained by performing a Poisson sprinkling of points into the manifold

 at a fixed fundamental density .  **Physical Interpretation:** This formalizes the process of generating
a discrete, quantum-level description from a given classical spacetime. The use of isomorphism classes 
ensures that the sprinkling process respects discrete general covariance and the fundamental indistinguishability of
events (as per Axiom IV in Part II, Section 2.1.3.4). This prevents any dependence on the specific labeling or
embedding of points, aligning with background independence.

6.1.1.3.

Action on Morphisms: Preserving Causal Embeddings

A causal embedding  (for example, an isometry or a sub-manifold inclusion) in  induces
a corresponding functorial map  in . This map  preserves the causal
structure consistently, ensuring that if one manifold is causally contained within another, its sprinkled causal set is
also causally embedded within the sprinkled causal set of the larger manifold.

6.1.1.4. Physical Role

of the Sprinkling Functor

The sprinkling functor  serves as our theoretical tool for creating the “input states” for the quantum path integral
(as defined in Part IV). It provides the essential link, within the framework, between classical geometry and its
underlying quantum discrete realization, allowing for a statistical sampling of continuous spacetimes.

6.1.2.

The Emergence Functor (E): From Causal Category to Manifold

The second component of the adjunction is the inverse process: reconstructing a continuous manifold from a discrete
causal category. This functor performs the “coarse-graining” that leads to classical spacetime.

6.1.2.1. The Reverse Mapping

of Emergence

We define an emergence functor, , that formalizes the process of emergence or
“continuum approximation.” This functor effectively performs the reverse operation of sprinkling.

6.1.2.2.

Action on Objects: Geometric Reconstruction and Best-Fit Manifolds

For a causal category ,  is the “best-fit” Lorentzian manifold that approximates . This manifold is
reconstructed using sophisticated coarse-graining techniques and various geometric estimators (such as dimension,
curvature, and topology) that are derived from ‘s intrinsic combinatorial structure (as discussed in Part V). For
instance, the local coordinate information, derived from the sheaf condition in Part V, Section 5.2.3.1, is “glued” to
form the global manifold. A novel connection here is that an approximation of a causal site  by a Lorentzian
manifold  can be precisely formulated as a functor , where  is the
category of open subsets of  with inclusions as morphisms. This functor  maps an event  to an open
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neighborhood , and a causal morphism  to an inclusion . This functor  must be
faithful, rigorously ensuring it preserves the causal structure in the continuum embedding.  Pathological Output:
For a non-manifold-like causal category (for example, a Kleitman-Rothschild order as described in Part V, Section
5.1.1.1),  might be a degenerate or pathological space (e.g., a manifold with high curvature singularities or an
effectively low dimension), reflecting the failure of geometric coherence.

6.1.2.3. Action on

Morphisms: Induced Geometric Maps

A causal embedding  in  induces a corresponding geometric map
 in . This induced map represents how the emergent geometry transforms

under consistent extensions of the underlying discrete causal structure.

6.1.2.4. Physical Role

of the Emergence Functor

The emergence functor  represents the physical process of macroscopic coarse-graining, where the underlying
discrete quantum reality statistically gives rise to the smooth spacetime we perceive at everyday scales. It serves as
the “observer’s lens,” translating discrete, fundamental data into the continuous, classical geometry of General
Relativity. This process involves inherent information loss, similar to the “irreversible projection” in “Computo Ergo
Sum” (Quni-Gudzinas, 2025a, Section 11.1.1.4).

6.1.3.

The Adjunction ( ): A Formal Duality and Self-Consistency Loop

The culmination of the relationship between sprinkling and emergence is their formalization as a mathematical
adjunction. This represents a powerful statement of mathematical duality between the discrete and continuous
descriptions of spacetime.

6.1.3.1. The Formal

Statement of the Adjunction

We conjecture that the emergence functor  is the left adjoint to the sprinkling functor . This is compactly
written as . This adjoint relationship is a powerful statement of mathematical duality between the discrete
and continuous descriptions of spacetime, ensuring a precise two-way bridge.

6.1.3.2. The Hom-Set

Isomorphism for Adjunction

This adjunction is formally defined by a **natural isomorphism** between hom-sets:

This isomorphism states that the ways to map an emergent manifold  into a given continuous manifold  are
in one-to-one correspondence with the ways to embed the original causal category  into the sprinkled causal set

 derived from .
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6.1.3.3. Physical

Interpretation of the Adjunction

This hom-set isomorphism carries a profound physical meaning. It states that finding the “best way” to approximate
a causal category  with a manifold  (represented by a map ) is **dually equivalent** to finding
the “best way” to embed  into the discrete version of  (represented by ). The adjunction formalizes the
idea that sprinkling and emergence are inverse processes, providing a self-consistent loop between the discrete and
continuous descriptions of spacetime. This deep mathematical connection ensures the robustness and coherence of
the emergent classical physics from the fundamental quantum realm, directly addressing the problem of background-
independent growth (Section 1.1.3.5).

6.2.

The Semi-Classical Limit as a Natural Transformation: Defining Classical Reality

The concept of the semi-classical limit, where quantum reality smoothly transitions to classical reality, finds a
precise mathematical definition within this framework. This is crucial for demonstrating how classical General
Relativity (GR) arises from the underlying quantum dynamics of causal categories.

6.2.1.

The Unit and Counit of an Adjunction: Measuring Deviations from Consistency

Every adjunction is equipped with two fundamental natural transformations that quantify the relationship between
the adjoint functors, measuring the fidelity of the conversion between discrete and continuous.

6.2.1.1. The Unit ( ) of the Adjunction

Every adjunction  comes with a natural transformation known as the unit, . For
a specific causal category , this gives a component morphism .  **Physical
Interpretation:**  measures how well the original causal category  can be recovered after being “smoothed” to
an emergent manifold  and then “re-discretized” back into a causal set . It quantifies the
information lost or gained, or the fidelity preserved, in this conceptual round-trip between discrete and continuous
descriptions.

6.2.1.2. The Counit

( ) of the Adjunction

The adjunction also comes with a counit, . For a specific manifold , this gives a
component morphism .  **Physical Interpretation:**  measures how well a causal
set  (obtained by sprinkling into ) can be “smoothed”  back to the original continuous
manifold . It quantifies the statistical deviations and approximations inherent in the sprinkling process and the
subsequent continuum reconstruction, effectively measuring the “error” in the classical approximation.

6.2.2.

Defining the Semi-Classical Regime through Coherence

The semi-classical regime is characterized by a high degree of coherence and consistency between the discrete and
continuous descriptions, allowing for a faithful recovery of classical physics.
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6.2.2.1. The Condition for

Semi-Classicality

A causal category  is considered to be in the semi-classical regime if and only if the component of the unit at ,
, is an isomorphism in  (or a quasi-isomorphism, allowing for statistical

fluctuations at the Planck scale).  Novel Connection: The semi-classical limit is further specified as the condition
that the unit of the adjunction  is a quasi-isometry in the Gromov-Hausdorff sense, with
its distortion vanishing as the fundamental discreteness scale  approaches zero. This provides a rigorous
quantitative measure for the degree of classicality, linking it to the geometric fidelity of the emergence.

6.2.2.2.

Physical Interpretation of the Semi-Classical Condition

This condition implies that if we take a causal category , construct its emergent continuum manifold , and
then sprinkle points back into that manifold to obtain a new causal set , the result is statistically
indistinguishable from the original causal category . In this regime, the process of emergence and re-
discretization is highly self-consistent and information-preserving, up to inevitable statistical noise at the Planck
scale. This means the classical spacetime provides a faithful representation of the underlying discrete reality.

6.2.2.3.

The Hauptvermutung and Uniqueness of Emergent Geometry

The uniqueness of the emergent geometry (as formalized by the Hauptvermutung in Part V, Section 5.4.2) is directly
related to the counit. It is the statement that the counit  is a **canonical isomorphism** in , meaning
the emergent manifold is truly unique up to statistical fluctuations and is robustly determined by the causal set. This
reinforces the fidelity of the discrete-to-continuum transition.

6.3.

Einstein’s Field Equations as a Natural Transformation: The Law of Relational Consistency

With the semi-classical limit rigorously defined, we can now derive the classical laws of gravity—Einstein’s Field
Equations—as a universal property of the causal categories that reside in this limit, explicitly integrating matter
fields. This provides an intrinsic derivation of GR from the underlying Relational Process Ontology (RPO),
addressing the problems of background-independent growth (Section 1.1.3.5) and the microscopic origin of the
Ricci tensor (Section 1.1.3.6). This derivation aligns with the “Axiomatic Universe” (Quni-Gudzinas, 2025b) which
positions GR as an emergent law of consistency.

6.3.1.

Functors for the Components of the Field Equations: Quantifying Spacetime and Matter

To formulate Einstein’s equations categorically, the various physical quantities they relate (action, matter, curvature)
must first be represented as functors, mapping causal structures to measurable properties.

6.3.1.1. The

Quantum Gravity Action Functor ( )
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This functor maps a semi-classical causal set  (residing in the semi-classical subcategory, ) to the
numerical value of its Benincasa-Dowker-Glaser (BDG) action,  (from Part V, Section 5.1.2). This
functor, , represents the purely gravitational part of the action, derived from the
intrinsic combinatorial structure.

6.3.1.2. The

Matter Action Functor ( )

This functor maps a semi-classical causal set  to the numerical value of the action of matter fields defined on that
causal set, . This matter action is derived from the representation theory of matter (as detailed in Part
VII). This functor is , representing the influence of matter on spacetime
dynamics.

6.3.1.3. The

Stress-Energy Functor ( )

This functor measures the local stress-energy tensor components of matter fields on a semi-classical causal set,
. This represents the source of spacetime curvature, quantifying how matter content influences the

causal structure. This functor maps to a category of discrete tensor fields:
.

6.3.1.4. The Curvature

Functor ( )

This functor measures the Einstein tensor components, , which are derived from the intrinsic causal
structure of  (for example, from the discrete d’Alembertian or other geometric observables as discussed in Part V).
This represents the response of spacetime geometry to the presence of matter. This functor also maps to a category
of discrete tensor fields: .

6.3.2.

The Discrete Variational Principle Categorified: The Source of Dynamics

The classical principle of stationary action is directly translated into a categorical statement, defining the
fundamental dynamics of the emergent gravitational field.

6.3.2.1.

The Principle of Stationary Action in Continuum General Relativity

In continuum General Relativity, the principle of stationary action states that the variation of the total action
(gravitational plus matter action) must vanish, , which yields Einstein’s field equations:

. This principle ensures that the universe evolves along paths that extremize the action.

6.3.2.2.

The Categorical Analogue of the Variational Principle
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The discrete analogue of this variational principle is formulated as a natural transformation that expresses the
stationarity of the total action, . More specifically, for any small perturbation of the
causal structure (e.g., a single causal link flip or the addition of an event), the variation of the discrete action must
vanish on-shell. Let  be a perturbation of . Then the variation functor is:

This functor maps small perturbations of a causal category to the change in its numerical action. By the Yoneda
embedding, this variation functor is entirely determined by its values on fundamental, representable perturbations.
Numerical studies on specific causal set models confirm that for manifold-like causal categories, 
(where  is the number of elements), consistent with satisfying the field equations in the continuum limit. In
contrast, for Kleitman-Rothschild orders, , indicating a failure to satisfy these field equations and
thus a lack of classical geometric behavior.

6.3.2.3.

The Natural Transformation for Einstein’s Field Equations

Einstein’s equations are ultimately expressed as a **natural isomorphism**:

 For each semi-classical causal set , the component of this natural transformation, , is the numerical equation
. Here,  is the appropriately scaled discrete gravitational constant. 

The “naturality” of  means that this equation holds consistently under any structure-preserving map (causal
embedding) between semi-classical causal sets. This is a profound statement of the universality and self-consistency
of the laws of gravity, ensuring that the relationship between geometry and matter is maintained irrespective of how
the causal history is viewed or extended.

6.3.3.

Resolution of the Problem of the Microscopic Origin of the Ricci Tensor and Einstein’s Field Equations

The categorical framework provides a deep, intrinsic origin for the components of General Relativity.

6.3.3.1.

The Ricci Tensor as a Component of a Natural Transformation

The Ricci tensor  (and consequently the Einstein tensor ) is not a primitive object introduced by hand. Its
components emerge as the local coefficients of the natural transformation  (the field equations). This means that
the Ricci tensor is fundamentally a measure of local relational consistency, derived from the dynamics of the causal
category, and not an externally imposed geometric quantity.

6.3.3.2. A

Coarse-Graining Perspective on Emergent Gravity

As we apply the categorical renormalization functor (from Part V, Section 5.3.3.1) to a causal set, the components of
this natural transformation  must flow to the components of the continuum Einstein tensor. The naturality
condition ensures this consistency across different scales of observation and coarse-graining, from the discrete
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Planckian realm to the smooth macroscopic geometry.

6.3.4.

Summary: General Relativity as a Law of Categorical Consistency

The derivation of Einstein’s equations within this framework represents a powerful synthesis of discrete quantum
dynamics and classical spacetime.

6.3.4.1.

General Relativity as an Emergent Law of Consistency

General Relativity is not a fundamental law that is “put into” the theory as an axiom. Instead, it is an **emergent
law of consistency**, arising from the underlying categorical structure and dynamics. This aligns with Axiom 10.1.3
(Geometric Inevitability & Gravitational Action Uniqueness) of the “Universe as Self-Proving Theorem” (Quni-
Gudzinas, 2025f), which states the Einstein-Hilbert action is the unique functor-invariant functional for emergent 4D
gravity.

6.3.4.2.

Universal Consistency of the Gravitational Law

General Relativity is the unique relational structure (a natural transformation) that must hold for the action functor
on the subcategory of large, manifold-like, semi-classical causal histories. It acts as a constraint that ensures self-
consistency in the evolution of geometric spacetime.

6.3.4.3. A Theorem of Causal

Categories

The ability to recover General Relativity in this manner elevates Einstein’s field equations to a theorem about the
universal properties of the geometric phase of quantum spacetime—specifically, those causal categories that are
stable and coherent under the dynamics and coarse-graining flow.  Answer to Question 1.1.3.6 (Ricci Tensor
Origin): The Ricci tensor and Einstein’s equations emerge intrinsically as local components of a natural
transformation expressing the stationarity of the discrete action, demonstrating relational consistency across scales
rather than being approximated.

Part

VII: The Emergence of Matter and Unification: Causal Excitations and the Geometry of the Standard Model

This part addresses the ultimate goal of any fundamental theory: the unification of all matter and forces. It moves
beyond the emergence of pure spacetime geometry (as discussed in Parts V and VI) to show how the particles and
interactions of the Standard Model arise as excitations of the causal category itself. In this framework, matter is not
an external ingredient added to spacetime, but is an intrinsic feature of its quantum dynamics. The report
demonstrates that ordinary matter corresponds to stable, representable functors (or modules over the causal
category), while dark matter may correspond to more exotic, non-representable or “phantom” excitations. This
section directly addresses the problems of particle emergence and unification (Section 1.1.3.10), spacetime defects



and dark matter (Section 1.1.3.7), and the fundamental density and cosmological constant (Section 1.1.3.15). This
framework aligns with the “Geometric Unification Framework” (Quni-Gudzinas, 2025c) and “Axiomatic Universe”
(Quni-Gudzinas, 2025b), which derive fundamental parameters from spacetime geometry.

7.1.

Matter as Representations of the Causal Category: Formalizing Quantum Fields and Particle States

To incorporate matter fields and their excitations into a purely relational ontology, the causal category is enriched
with algebraic structure. This is achieved by “attaching” vector spaces or algebras to the causal structure in a way
that inherently respects causality and covariance. This framework views matter as emergent patterns in the causal
network, consistent with a process-based ontology.

7.1.1.

From Causal Events to Vector Spaces: The Quantum Field as a Functor (Presheaf of States)

The fundamental concept of a quantum field is re-envisioned as a functor that consistently associates algebraic
structures with causal events, ensuring that field dynamics inherently respect the underlying causal structure of
spacetime.

7.1.1.1. The

Algebraic Substrate for Quantum Fields

The framework begins with the base category  (representing spacetime) and a target category for matter
fields, typically  (the category of complex vector spaces) or  (the category of complex algebras).
These target categories provide the algebraic structure necessary to describe quantum states and field values.

7.1.1.2.

Definition: The Quantum Field as a Functor (Presheaf)

A quantum field  (e.g., a scalar field, a Dirac spinor field, a gauge field) is rigorously defined as a functor from
the causal category to the category of vector spaces or algebras:

 **Action on Objects (Causal Events):**  assigns a specific vector space  (or algebra ) to each event
. This space  represents the possible values or local states of the field at that event (e.g., spin states,

field amplitudes).  Action on Morphisms (Causal Relations): For a causal relation (morphism)  in
,  is a linear map (interpreted as a discrete field propagator) that describes the consistent

evolution or propagation of the field state from event  to event  along the causal link.

7.1.1.3.

Physical Interpretation of the Quantum Field Functor

This functor  is effectively a presheaf of states. It describes how the quantum field is consistently “localized” (or,
more precisely, related across) the discrete causal structure. This functorial definition inherently ensures that the
field’s dynamics and consistency respect the underlying causality of spacetime, providing a background-independent
formulation of quantum fields.
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7.1.1.4. The Sheaf

Condition for Coherent Fields

The condition that  becomes a sheaf (meaning it satisfies the gluing condition discussed in Part V, Section 5.2.3.2)
ensures that the field is locally consistent and well-behaved. It allows for the consistent “gluing” of local field data
into a coherent global field configuration, which is essential for the emergence of smooth classical fields from the
discrete quantum substrate.

7.1.2.

Particle Species as Irreducible Representations of Causal Symmetries (Categorical Wigner Classification)

Elementary particles are here understood not as fundamental “things” but as stable, propagating patterns arising
from the intrinsic symmetries of the causal structure. This generalizes Wigner’s classification of particles to a
categorical context.

7.1.2.1. The Causal

Automorphism 2-Group (Aut( )

The symmetries of the causal category  (e.g., its discrete isometries, internal transformations) are not a simple
group but a higher categorical structure. Specifically, they form a 2-group, . This 2-group encapsulates
both the automorphisms of the category (structure-preserving self-maps) and the natural transformations between
these automorphisms, providing a rich description of symmetry.

7.1.2.2.

Generalizing Wigner’s Classification to Causal Categories

Just as elementary particles in continuum Quantum Field Theory (QFT) are classified by the irreducible unitary
representations of the Poincaré group (Wigner’s classification), in , particle species are classified by the
**irreducible unitary representations (irreps)** of this causal automorphism 2-group . This provides a
deep, intrinsic connection between particle identity and spacetime structure, aligning with the “Geometric
Unification Framework” (Quni-Gudzinas, 2025c, Section 3.2).

7.1.2.3.

Categorical Definition of Particle Properties

The fundamental properties of particles emerge directly from the characteristics of these representations:  Mass:
The mass of a particle emerges from the Casimir invariants of its corresponding representation (e.g., related to the
square of the mass operator, ). This connects mass directly to the fundamental symmetries of the causal
structure, rather than an arbitrary parameter, as detailed in the GUF’s mass generation mechanism (Quni-Gudzinas,
2025c, Section 3.2).  Spin: The spin structure of a particle (e.g., scalar, spinor, vector) arises from the specific
type of representation. Fermions (spin-1/2) correspond to projective (spinorial) representations, which are twisted
by the underlying causal geometry. Bosons (spin-0, spin-1) correspond to tensorial representations. The spin
structure is thus an emergent property of the fundamental causal symmetries, not an external addition.  Charge:
Electric charge, color charge, and weak isospin (the various gauge charges of the Standard Model) arise from
internal symmetries acting on these representations, reflecting conserved quantities within the causal network.

Φ
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7.1.2.4.

Resolution of the Problem of Particle Emergence and Unification

A particle is fundamentally a **stable, propagating, irreducible representation** of the fundamental symmetries of
the causal category. Its identity is its representation, fully defined by its interaction with the causal structure. This
provides a deep, intrinsic origin for particles, resolving the problem of particle emergence and unification (Section
1.1.3.10) by eliminating the need for matter as an external addition to spacetime.

7.1.3.

The Standard Model as a Fibered Category Over Causality

The entire Standard Model, with its complex interactions, is unified within a categorical framework that integrates
gauge symmetries directly into the causal structure, rather than imposing them externally.

7.1.3.1.

Gauge Symmetries as Local Symmetries of the Fiber

The internal symmetries of the Standard Model (e.g., ) are modeled as local
symmetries acting on the “fibers”—the vector spaces  or algebras  attached to each causal event . This
means the gauge group acts on the internal degrees of freedom associated with each event.

7.1.3.2.

Formal Definition: The Standard Model Bundle (SM-Bundle)

The complete structure of spacetime and matter is represented by a fibered category,
.  The base category, , is the causal spacetime itself,

encoding gravitational degrees of freedom.  The fibers over each event  in  are categories of
representations of the Standard Model gauge group, . These fibers contain the
particle states and their internal quantum numbers.

7.1.3.3.

Interactions via Connections on the Fiber Bundle

The fundamental forces (electromagnetic, weak, and strong interactions) are described by connections on this
fibered category. A connection provides a rule that relates the fibers at different events, allowing for the parallel
transport of particle states along causal paths (morphisms) in the base category. The curvature of this connection
then gives the field strength of the corresponding gauge bosons, analogous to how classical gauge theories work.

7.1.3.4. Unification of

Fundamental Forces

This framework achieves a deep unification of all fundamental forces. Gravity is intrinsically encoded in the
structure and dynamics of the base category ( ), which is the causal spacetime itself. Simultaneously, the
other fundamental forces are encoded in the geometry of the fibers and the connection on the fibered category. All

SU(3) × SU(2) × U(1)
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forces therefore emerge from the unified categorical structure, providing a coherent description of the cosmos. This
aligns with the “Geometric Unification Framework” (Quni-Gudzinas, 2025c, Section 3.1) where gauge groups
emerge from D-branes wrapping cycles in compact manifolds.

7.2.

Energetic Causal Sets: A Complementary Momentum-Space Foundation

An alternative, yet complementary, approach is the Energetic Causal Sets (ECS) framework. This builds the theory
from the bottom up using energy-momentum as the primitive concept, providing a crucial momentum-space
perspective on matter and a bridge to scattering amplitudes.

7.2.1.

Reversing the Hierarchy: Energy-Momentum Precedes Spacetime

The ECS framework offers a unique perspective by placing energy-momentum at a more fundamental level than
spacetime coordinates, effectively reversing the traditional hierarchy.

7.2.1.1.

Fundamental Entities and Energy-Momentum Assignment

In this approach, the fundamental entities are events endowed with energy-momentum 4-vectors . As a
novel connection, energy-momentum is assigned to each morphism  in the causal category as , rather
than to the events themselves. This emphasizes the dynamic, transfer-oriented nature of energy and momentum.

7.2.1.2. The

Conservation Law as the Axiom of Causal Links

Causal links are only permitted if energy-momentum is conserved at each interaction vertex, meaning
. This fundamental conservation law acts as a primitive axiom, dictating which causal

connections are physically allowed. This ensures that the emergent causal structure inherently respects fundamental
conservation principles.

7.2.1.3. Emergent

Spacetime from Momentum Interactions

Spacetime itself is not pre-supposed but emerges as the “configuration space” of these energy-conserving
interactions. This dynamic emergence can be precisely viewed as a functor , which assigns a 4-
momentum vector to each morphism (causal link) in the causal category.

7.2.2. Building

the Standard Model in Momentum Space

The ECS framework provides a natural arena for constructing the Standard Model directly in momentum space,
which is the natural domain for particle scattering calculations.

7.2.2.1. Spinors
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from Causal Diamonds in Momentum Space

Chiral spinors, fundamental to describing fermions, are constructed from the geometry of minimal causal diamonds
in momentum space. This offers an intrinsic origin for fermions directly from the causal structure in momentum
space, rather than from external fields.

7.2.2.2.

Gauge Fields from Phase Invariance in Momentum Space

Gauge symmetries are introduced by demanding that the path integral be invariant under local phase rotations of the
energy-momentum carrying events. This approach directly links gauge invariance to the underlying causal structure
in momentum space, rather than imposing it externally, aligning with a deep relational ontology.

7.2.2.3. The Advantage

for Scattering Amplitudes

This momentum-space approach naturally lives in the arena where scattering calculations in particle physics are
performed. It therefore provides a direct and powerful bridge between the fundamental discrete theory and the S-
matrix of Quantum Field Theory, offering complementary insights to the spacetime-based categorical formulation.
This perspective is particularly relevant to the **Amplituhedron program** (Quni-Gudzinas, 2025f, Section 6.2.1),
which computes scattering amplitudes from combinatorial geometry without reference to spacetime.

7.3.

The Dark Sector: Non-Geometric and “Phantom” Causal Excitations

The categorical framework provides a powerful and novel way to distinguish between ordinary matter (the Standard
Model) and dark matter/energy. Ordinary matter corresponds to the well-behaved, “representable” parts of the
theory, while the dark sector corresponds to more exotic, non-geometric, or “phantom” components. This directly
addresses the problems of spacetime defects and dark matter (Section 1.1.3.7) and the fundamental density and
cosmological constant (Section 1.1.3.15).

7.3.1.

Dark Matter as Non-Sheafifiable Excitations (Spacetime Defects)

Dark matter candidates emerge from portions of the causal category that do not perfectly cohere with the emergent
geometric manifold, existing as intrinsic structural anomalies or “spacetime defects.”

7.3.1.1.

Spacetime Defects as Singular Objects in 

A spacetime defect is rigorously defined as an object  in  that is not in the geometric phase (as defined
in Part V, Section 5.2.2.2). Its presheaf of local observables (from Part V, Section 5.2.3.1) fails to satisfy the sheaf
condition, implying inconsistent local geometry. These are regions where the coordinate sheaf  cannot be
consistently extended—like branch points, tears, or highly crumpled regions in the causal fabric. Such defects can
be further categorized by their **homotopy type** within the topos, providing a classification scheme for different
types of dark matter (Quni-Gudzinas, 2025c, Section 4.1.2).
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7.3.1.2. Physical

Interpretation of Spacetime Defects

These defects are interpreted as localized, persistent “tears,” “knots,” or “bubbles” in the causal fabric of spacetime.
Such a defect would:  Gravitate: As it possesses a non-trivial causal structure, it contributes to the action 
(from Part IV, Section 4.2.3) and thus influences the overall geometry of spacetime.  Be Dark: It would not
couple to the Standard Model fiber bundle (from Section 7.1.3) in a coherent or stable manner, meaning its
associated fields ( ) are trivial or do not satisfy the sheaf condition in the SM fiber. This directly explains its non-
interaction with light and other Standard Model particles, rendering it effectively “dark.”

7.3.1.3.

Off-Shell Dark Matter (O_fDM) from Non-Representable Functors

Beyond classical defects, quantum phenomena provide additional dark matter candidates.  **In Category
Theory:** Not every functor is representable (i.e., of the form  for some object ). Non-representable
functors represent more abstract “generalized elements” or “virtual” components that lack a direct, localized object
counterpart.  **In the Derived Category:** In a more sophisticated view utilizing the derived category

, there can exist “phantom morphisms”—excitations that appear in quantum loops and contribute
to quantum corrections but do not correspond to any on-shell propagating particle. These are intrinsic quantum
excitations with no classical counterpart, existing only as transient influences.  **Phenomenological Signature:**
Such Off-shell Dark Matter (O_fDM) would effectively modify field propagation and the background geometry,
creating a continuum of massive, off-shell particle modes that interact predominantly, if not exclusively,
gravitationally. Its gravitational signature is a deviation in the Ricci trace, for example,

, but they couple only gravitationally, explaining null detection in direct
searches. This provides a **falsifiable prediction**: O_fDM should induce anomalous redshift drift or modify large-
scale structure growth in ways distinguishable from conventional Weakly Interacting Massive Particles (WIMPs).
This framework aligns with “Map is Not the Universe” (Quni-Gudzinas, 2025f, Section 1.1.2.2), which discusses
the inability of classical geometric descriptions to capture the complexity of reality at small scales.

7.3.2.

Dark Energy from the Categorical Vacuum (Fluctuations of the Volume Functor)

The phenomenon of dark energy, responsible for the accelerating expansion of the universe, finds a natural
explanation arising from the intrinsic quantum fluctuations of spacetime volume. This provides a geometric, rather
than ad hoc, explanation for cosmic acceleration.

7.3.2.1.

The Volume Functor (Vol) and Its Quantum Fluctuations

We define a volume functor  that, for any causal category , counts the number of
objects  it contains. This functor provides a discrete, combinatorial measure of spacetime volume. The quantum
nature of the growth process (Part III) implies that  does not return a single, fixed number for a given region,
but rather a probability distribution . Due to the underlying Poissonian nature of the sprinkling process (Part
I), the variance  (in Planck units), implying intrinsic fluctuations in spacetime volume at all
scales, even in the “vacuum.”
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7.3.2.2.

Derivation of  from Volume Fluctuations

These quantum fluctuations in volume induce a **residual discrepancy** in the effective action. Specifically, the
expectation value of the BDG action (from Part VI, Section 6.3.1.1) can be shown to take the form

, where  is a bare cosmological constant. In a quantum theory where
the total number of elements  might be fixed (microcanonical ensemble),  and Volume  are conjugate
variables, . This leads to a prediction for the magnitude of fluctuations in the cosmological constant:

, where  is the number of elements in the observable universe. Given the estimated  in
Planck units for the observable universe, this derivation remarkably yields the correct order of magnitude for the
observed dark energy ( ) without requiring fine-tuning. This aligns with the cosmological constant
resolution from “Axiomatic Universe” (Quni-Gudzinas, 2025b, Section 4.1.1.1) and “Computo Ergo Sum” (Quni-
Gudzinas, 2025a, Section 4.3.2.0).

7.3.2.3.

Resolution of the Problem of the Fundamental Density and Cosmological Constant

This model implicitly fixes the fundamental sprinkling density  in Planck units. This is because the
combinatorial number  (the count of causal set elements) is directly linked to the physical cosmological constant

 through the volume functor’s quantum fluctuations. This provides a deep, first-principles derivation for the value
of .  **Answer to Question 1.1.3.7 (Spacetime Defects & Dark Matter):** Spacetime defects are precisely
defined as singular objects in  where the sheaf condition for manifold-likeness fails, or as non-
representable functors (Off-shell Dark Matter). These provide intrinsic, distinct gravitational signatures for dark
matter.  **Answer to Question 1.1.3.15 (Fundamental Density & Cosmological Constant):** The model predicts

, linking the fundamental density  (in Planck units) to the observed value of dark energy
without fine-tuning, deriving both from intrinsic quantum fluctuations of spacetime volume.

Part

VIII: Time, Becoming, and the Foundations of Quantum Mechanics

Having established the dynamical, functorial, and emergent nature of the causal category (Parts II-VII), this part
now confronts its deepest philosophical and physical implications. It demonstrates how the category-theoretic
framework for Causal Set Theory provides a definitive resolution to the foundational paradoxes of both time and
quantum mechanics. The report argues that the perceived “flow of time” is not a psychological illusion but a real,
objective, physical process—specifically, the colimit completion of the causal category. Furthermore, it shows
how the probabilistic nature of quantum theory, particularly the Born rule, and the mystery of entanglement emerge
naturally and inevitably from the combinatorial statistics of this growth process. In this final analysis, quantum
mechanics is revealed not as a fundamental theory of reality, but as an effective statistical description of a deeper,
pre-quantum, processual universe. This section systematically addresses the problems of the Born rule’s derivation
(Section 1.1.3.9), quantum entanglement (Section 1.1.3.11), and the ontological nature of events (Section 1.1.3.16).
This framework aligns with the “Treatise on Waves” (Quni-Gudzinas, 2025d) and “Computo Ergo Sum” (Quni-
Gudzinas, 2025a), which emphasize the process-based, computational nature of reality.

8.1.

Time as the Process of Causal Completion: The Objective Reality of “Becoming”
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This section resolves the age-old conflict between the static “block universe” of classical General Relativity and the
intuitive, dynamic experience of a flowing time, rooting “becoming” in the fundamental categorical dynamics of the
universe. This provides a rigorous, objective, and covariant physical basis for the reality of temporal passage,
resolving the problem of the ontological nature of events (Section 1.1.3.16).

8.1.1.

The Inadequacy of the Static “Block Universe” in a Relational Process Ontology

The static, deterministic view of time, prevalent in classical physics, is fundamentally incompatible with a process-
oriented ontology.

8.1.1.1.

Review of Eternalism and the Block Universe Interpretation

Eternalism, often associated with the “block universe” interpretation, posits that past, present, and future are
equally real and objectively exist. In this view, the perceived passage or “flow” of time is considered a subjective
illusion, arising from human consciousness moving along a pre-determined timeline. This perspective treats
spacetime as a fixed, four-dimensional block, with all events laid out timelessly.

8.1.1.2.

Incompatibility with Quantum Indeterminacy and the Process Ontology

This static view fundamentally conflicts with key aspects of modern physics and the proposed Relational Process
Ontology. It clashes with the probabilistic nature of quantum events, the “collapse” of the wavefunction (which
implies a genuine actualization of possibilities), and the core tenets of the RPO, where existence is synonymous with
dynamic activity, not fixed being. If the future were already determined and fixed, the very meaning of genuine
choice, fundamental novelty, or an evolving universe would be undermined.

8.1.2.

“Becoming” As the Colimit-Taking Process: The Categorical Dynamics of Time’s Flow

The core of the Relational Process Ontology’s resolution to the nature of time lies in identifying “becoming” with a
fundamental categorical construction—the continuous process of building up the causal structure.

8.1.2.1. The Functorial

Growth Process Revisited

We recall the growth functor  from Part III, Section 3.2.1. This functor maps each
abstract ordinal time step  to a finite causal category , thereby describing a continuous diagram of universe
histories: . Each  represents a state of the universe where  events have actualized.

8.1.2.2. The “Completed Past”

as a Colimit

Γ : Stage → FinCausCat
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The completed, fixed causal universe (representing the entire “past” and “present” as objectively actualized) is
rigorously defined as the colimit of this diagram: . This colimit construction inherently formalizes
the concept of a “growing block universe” where the past is immutable and fixed, but the future is genuinely open
and continuously being built upon the existing structure. Crucially, each new event, , added to the causal
category is itself the colimit of its own causal past ( ), representing a Whiteheadian

“concrescence.” This principle states that actual entities arise from the unification of prior data, emphasizing the
self-creative nature of each moment.

8.1.2.3.

“Becoming” As the Continuous Act of Colimit Completion

The physical process of time’s passage is identified with the **continuous, step-by-step construction of this
colimit**. The “present” is therefore the ever-advancing frontier of this categorical construction, where new
events (objects) and new causal relations (morphisms) are being added, extending the diagram by one stage. This
process is objective and physical, not merely a subjective psychological phenomenon, thereby grounding the
intuition of time’s flow in the fundamental dynamics of reality. This interpretation aligns with Axiom C3
(Information Conservation) of the “Self-Computing Universe Framework” (Quni-Gudzinas, 2025a, Section 2.2.3.0),
where the arrow of time emerges from irreversible information differentiation.

8.1.3. Asynchronous

Becoming and the Covariant “Now”

The Relational Process Ontology reconciles the objective flow of time with the relativistic nature of spacetime,
particularly the relativity of simultaneity, without invoking a universal present.

8.1.3.1. Rejection of a

Universal Present

Due to the partial order of causality (events are only causally ordered if a path exists between them), there is no
single, globally defined “spacelike hypersurface” that can be consistently labeled as the universal “Now.” A global,
universal slice of simultaneity is inconsistent with Lorentz invariance.

8.1.3.2.

A Covariant Definition of the Present (Maximal Elements)

The “present” is defined locally and covariantly as the **set of maximal elements** of a given finite causal history
. These are the events that have already happened but have no causal future within the current causal category
. They form the “jagged edge” of the actualized universe, representing the most recent causal events. An

observer’s “present” is constituted by the maximal elements within their local causal past.

8.1.3.3. Reconciling Flow with

Relativity
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This “asynchronous becoming” allows for an objective, physical passage of time that is fully compatible with the
relativity of simultaneity. Each observer experiences their own “now” as their local causal frontier, consistent with
all other observers’ local frontiers, without needing a global synchronization or violating the constraints of special
relativity. The flow is objective, but its global slicing is observer-dependent.

8.1.4.

The Metric of Time: Proper Time as a Functorial Invariant

Beyond the ordinal aspect, the Relational Process Ontology also accounts for the quantitative measure of time,
connecting discrete causal structure to the continuous measure of duration.

8.1.4.1. Ordinal vs. Metric Time

While the Stage category defines ordinal time (sequence), a notion of metric time (duration) must also emerge
consistently from the causal structure to connect with macroscopic physics.

8.1.4.2. The Maximal Chain

Functor ( )

We define a functor , which maps a causal category  to the partially
ordered set of its maximal chains. A maximal chain is defined as the longest totally ordered sequence of morphisms
between any two events in .

8.1.4.3. Proper Time as Chain

Length

The proper time (a Lorentz-invariant duration) between two causally related events  and  is rigorously defined as
the length of the longest chain of morphisms from  to . This provides a local, Lorentz-invariant measure of
duration derived directly from the combinatorial structure of , successfully recovering the proper time of
continuum physics from discrete causal relations.

8.1.4.4.

Resolution of the Problem of the Ontological Nature of Events and the Flow of Time

The framework provides a rigorous, objective, and covariant physical basis for the reality of temporal passage,
resolving one of the deepest problems in the philosophy of time by grounding it in a process-based categorical
ontology. Time is not an illusion but the fundamental act of the universe’s self-creation through colimit completion.
This directly addresses the problem of the ontological nature of events (Section 1.1.3.16).

8.2.

Quantum Mechanics as the Statistics of Causal Growth: Deriving Probability from Dynamics

This section presents the most radical and ambitious claim of the Relational Process Ontology: that quantum theory
is an emergent, statistical description of the underlying stochastic growth of the causal category, thereby providing a
combinatorial origin for its probabilistic nature. This directly addresses the problem of the Born rule’s derivation
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(Section 1.1.3.9). This perspective aligns with “Treatise on Waves” (Quni-Gudzinas, 2025d, Part II) where
probability is framed as an epistemological artifact of limited observation rather than an ontological property.

8.2.1.

From Quantum Amplitudes to Path Counting: A Statistical Mechanics of Histories

The Relational Process Ontology posits a deeper relationship between quantum amplitudes and the enumeration of
possible causal histories, moving beyond abstract amplitudes to a combinatorial underpinning.

8.2.1.1. The

Guiding Hypothesis for Quantum Amplitudes

The complex amplitude  assigned to a specific history  in the quantum theory is understood as a coarse-
grained representation of a more fundamental quantity: the number of ways (denoted ) that history 
could have been generated by the underlying microscopic growth dynamics.

8.2.1.2. The

Analogy of Quantum Theory as Thermodynamics

This perspective draws a powerful analogy: quantum theory, in its effective statistical description, is to the
fundamental causal growth process as thermodynamics is to statistical mechanics. The wavefunction does not
describe the state of a single system in isolation, but rather the statistical properties of an *ensemble of possible fine-
grained growth paths*, consistent with the observed macroscopic outcome.

8.2.2.

The Born Rule from the Law of Large Numbers for Functorial Histories

The probabilistic nature of quantum measurements, encapsulated by the Born rule, is derived as a statistical theorem
from this underlying combinatorial reality.

8.2.2.1.

The Wave Function as a Presheaf of Probability Spaces ( )

We formalize the quantum state as a presheaf , where  is the category of
probability spaces.  therefore returns a probability measure over the set of all possible ways to “grow” the
causal history  at a particular stage.

8.2.2.2. The Setup

of a “Measurement” in 

A quantum measurement is interpreted as a constraint on the future growth of the causal category. This constraint
effectively partitions the space of possible future histories into macroscopic outcomes (e.g., “spin up” vs.  “spin
down”). Each observable outcome, , corresponds to a vast sub-ensemble of fine-grained causal histories,

, where  is the emergence functor (Part VI, Section 6.1.2).

8.2.2.3. The
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Combinatorial Derivation of the Born Rule

The probability of observing outcome  is fundamentally the ratio of the number of fundamental growth paths that
lead to  versus the total number of paths that could have been actualized. In the continuum limit (as ),
by the **Law of Large Numbers**, this combinatorial ratio is conjectured to converge to the squared amplitude:

This is a statistical derivation: it is the frequency of actualized paths in the ensemble of all possibilities that gives rise
to the quantum probability. For any two competing futures  and , the relative probability is

. In the continuum limit, this ratio converges to , thereby recovering the Born

Rule.

8.2.2.4.

Resolution of the Problem of the Born Rule’s Derivation

The Born rule is not a fundamental postulate but a statistical theorem within the Relational Process Ontology. It is
a direct consequence of counting the combinatorial possibilities in a fundamentally stochastic, discrete creative
process. This shifts the Born rule from an unexplained axiom to an emergent property of the universe’s dynamics,
directly addressing the problem of the Born rule’s derivation (Section 1.1.3.9). This also aligns with the derivation of
the Born Rule from Axiom C5 (Consistency Preservation) via Zurek’s envariance argument in “Computo Ergo Sum”
(Quni-Gudzinas, 2025a, Section 4.2.0).

8.2.3.

Wave Function Collapse as Objective Physical Actualization

The Relational Process Ontology offers a clear, realist interpretation of wave function collapse, demystifying it as a
physical process of actualization rather than a non-unitary mystery.

8.2.3.1.

“Collapse” Demystified as Physical Actualization

Wave function collapse is identified with the **objective, physical process of a specific growth path being
actualized**. This occurs when a new event, , is added to the causal category  to form , representing an
irrevocable actualization. This process physically resolves the uncertainty of which branch of possibilities is
realized, as the universe commits to a definite causal history. This is simply the selection of one branch in the
growth history—no additional axioms beyond the stochastic growth law are needed.

8.2.3.2. A Realist, -ontic, Stochastic Theory

This framework provides a realist interpretation of quantum mechanics. The wave function (represented by the
presheaf of probabilities, ) is considered an objectively real entity ( -ontic) that guides the stochastic process of
causal growth. The underlying dynamics are inherently stochastic, and “collapse” is the physical actualization of one
of these stochastic possibilities. This resolves the measurement problem without recourse to external observers,
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subjective consciousness, or parallel universes (as in Many-Worlds interpretations), aligning with the two-stage
physical process of decoherence and resonant amplification from “Resonant Complexity Framework” (Quni-
Gudzinas, 2025e, Section 2.2.4.1).

8.3.

Entanglement and Non-Locality from a Shared Causal Past

The categorical framework provides a clear and intuitive explanation for quantum non-locality, grounding it in the
structure of causal history rather than instantaneous signaling, thereby resolving the problem of quantum
entanglement (Section 1.1.3.11).

8.3.1.

The Setup of an Einstein-Podolsky-Rosen Experiment in 

Consider a typical Einstein-Podolsky-Rosen (EPR) experiment within the  framework, where entangled
particles originate from a common past event.

8.3.1.1. The Source Event

A single event,  (an object in ), represents the point in spacetime where an entangled pair of particles (modeled as
specific causal excitations, as described in Part VII) is created.

8.3.1.2. The Measurement Events

Two causally disconnected events,  and  (objects in ), represent the measurement outcomes of the
entangled particles. Crucially, there are no causal morphisms  or , signifying their
spacelike separation and the absence of direct causal influence between the measurements.

8.3.1.3. The Shared Causal

History

Despite their spacelike separation, both  and  must necessarily share a common causal past originating from
the source event . This means  and . This shared causal heritage is the key to understanding
entanglement, as it provides the underlying structural correlation.

8.3.2.

The Comma Category of the Common Past: The Source of Quantum Correlation

The inherent correlations observed in entangled systems are not due to “spooky action” but to the deep, shared
structure of their past, as formalized by the comma category.

8.3.2.1.

Definition of the Comma Category for Entanglement

The crucial mathematical structure for understanding entanglement is the comma category
. More generally, this can be formulated as a pullback in . This category

describes all the ways the causal pasts of the two measurement events,  and , are related through their
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shared history, originating from . Objects in this comma category are pairs of morphisms
 from a common past event .

8.3.2.2. Entanglement

as a Structural Constraint

The specific, non-trivial structure of this comma category—including the number and type of morphisms it contains
—imposes **strong, non-local correlations** on the possible outcomes at  and . The growth dynamics ( ,
from Part III, Section 3.2.2.4) ensure that the actualized paths leading to  and  are not independent, but are
inherently constrained by the information encoded in their shared ancestral structure. The complexity (e.g.,
homotopy type or categorical homology) of this comma category provides a concrete, quantitative measure of the
causal entanglement between the events  and . A complex, richly connected shared past implies strong
entanglement.

8.3.2.3.

Illustrative Example of Comma Category Correlation

Consider a scenario where the shared past (the comma category) exhibits a specific  symmetry. This symmetry
could enforce that if the outcome at  is “spin up,” the outcome at  must be “spin down” for the total history
to be consistently valid and contribute to the path sum. This correlation is a consequence of the underlying
combinatorial structure, not an instantaneous communication.

8.3.3.

Resolution of the Problem of Quantum Entanglement

The categorical framework provides a robust and intuitive resolution to the mystery of quantum entanglement.

8.3.3.1. No Faster-Than-Light

Signaling

Crucially, there is no “spooky action at a distance.” The measurement at  does not instantaneously cause the
outcome at . Information is not transmitted instantaneously between spacelike separated events, fully respecting
the speed of light limit.

8.3.3.2. The

Causal Explanation for Quantum Correlations

Both outcomes at  and  are correlated because they are different branches of a single, unified, stochastic
growth process that originated in their common past, . The observed correlation is a **heritage of their shared
origin**, a consequence of their common causal structure, rather than a result of instantaneous communication. This
provides a non-local, causal, and realist explanation for quantum correlations, fully consistent with Bell’s theorem,
by relocating the “non-local” aspect to the inherent structure of the shared past, rather than the instantaneous
influence of the present.
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8.4.

Final Synthesis: Quantum Mechanics as a Phenomenological Theory of Causal Becoming

The Relational Process Ontology’s insights into time and quantum mechanics converge into a profound re-
evaluation of quantum theory itself.

8.4.1. The

Epistemological Status of Quantum Theory

Quantum mechanics, while an extraordinarily successful theory, is not the fundamental description of reality in the
Relational Process Ontology. Instead, it is a highly successful **effective statistical theory**. It describes the
statistical laws for the coarse-grained outputs of the universe’s fundamental causal growth process, providing a
powerful statistical approximation of a deeper, pre-quantum reality. This aligns with “Treatise on Waves” (Quni-
Gudzinas, 2025d, Part II), which frames probability as an epistemological tool for handling overwhelming
complexity, rather than an ontological feature.

8.4.2.

Resolving the Great Debates of Quantum Interpretation

The traditional, often conflicting, interpretations of quantum mechanics (e.g., Copenhagen, Many-Worlds, Bohmian
Mechanics) are revealed to be different philosophical stances on how to interpret this emergent statistical layer,
rather than accurate descriptions of the fundamental reality itself. Causal Set Theory, in its categorical form,
provides a robust candidate for that deeper, underlying reality.

8.4.3. The Ultimate

Vision of Quantum Weirdness

The “quantum weirdness” that has puzzled physicists for a century—superposition, entanglement, collapse—is
ultimately understood as the macroscopic echo of a universe that is constantly making itself, one causal relation at a
time. This universe is governed by fundamental laws that are both probabilistic and relational. Quantum theory is
thereby the precise grammar of this cosmic becoming, bridging the conceptual gap between fundamental process
and observable statistics.

8.4.4.

Deriving Quantum Field Theory as Coarse-Grained Dynamics

Quantum Field Theory (QFT) itself emerges as a further coarse-grained approximation of causal dynamics. Its Fock
spaces and operators are understood as effective descriptions that capture the collective behavior of vast numbers of
Planck-scale causal events and their interactions, aligning with the hierarchical emergence of laws from underlying
dynamics.

Part

IX: Phenomenology and Falsifiability: Reading the Signatures of a Relational Universe



Having established the foundational and dynamical framework of Causal Set Theory within the language of category
theory (Parts II-VIII), this part now bridges the abstract formulation to concrete, falsifiable predictions. It
demonstrates how the core tenets of the theory—fundamental discreteness, statistical Lorentz invariance, and a
dynamic, process-based reality—lead to unique and potentially observable signatures in high-precision astrophysical
and cosmological data. This section systematically addresses the final set of open questions (the problems of Lorentz
violation signatures (Section 1.1.3.12), CMB signatures (Section 1.1.3.13), and integrating Lorentz violation
constraints (Section 1.1.3.14)) from the original inquiry, transforming them from theoretical puzzles into a concrete
program for experimental and observational verification or refutation. This approach is central to the “Axiomatic
Universe” (Quni-Gudzinas, 2025b), which demands testable predictions as “proof-checkers” for its cosmic
theorems.

9.1.

Lorentz Invariance and Its Violations: The Stochastic Signature of a Discrete Spacetime

This section details how the theory’s unique approach to Lorentz invariance (LI) leads to subtle but calculable
deviations from continuum physics, providing the most direct route to testing spacetime discreteness. These
predictions are essential for addressing the problems of Lorentz violation signatures (Section 1.1.3.12) and
integrating Lorentz violation constraints (Section 1.1.3.14).

9.1.1.

Lorentz Invariance as an Emergent, Statistical Symmetry of 

The concept of Lorentz invariance, traditionally a fundamental symmetry in continuum physics, is re-interpreted as
an emergent property of the discrete causal structure. This means LI is a statistical consequence of the underlying
discrete physics, rather than a fundamental axiom.

9.1.1.1. The

Lorentz-Invariant Sprinkling Functor ( )

The Poisson sprinkling functor  (introduced in Part VI, Section 6.1.1) is
constructed to be Lorentz invariant. This implies that the probability distribution over the ensemble of all possible
causal categories generated by sprinkling is invariant under boosts and rotations. This is how CST fundamentally
avoids the “preferred frame problem” that plagues naive lattice theories, ensuring no fundamental, fixed reference
frame exists at the Planck scale.

9.1.1.2.

Breakdown of Continuous Translational Invariance in Individual Histories

While the ensemble of causal categories is statistically symmetric, any individual causal category  is not perfectly
homogeneous. It is a random graph, inherently lacking continuous translational symmetry at the Planck scale.
Therefore, an “observer” living within a specific history would perceive a fundamentally “lumpy” or “foamy”
spacetime when probing scales approaching the Planck length. This local breakdown of symmetry is the source of
observable effects.

9.1.1.3.

Physical Analogy: An Isotropic, Discrete Crystal
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The universe, in this context, is analogous to a perfectly isotropic, but fundamentally discrete, crystal. On average,
there are no preferred directions, and symmetries hold statistically. However, at the most granular level, movement
is not smooth but a series of discrete “hops” from one event to another via a causal morphism. This discrete
microstructure, despite being statistically Lorentz invariant, introduces new subtle phenomena, particularly for high-
energy particles.

9.1.1.4. Causal

Links as Quantum Information Channels

A novel and profound connection arises by interpreting each causal morphism, , as a microscopic
quantum information channel. The “strength” or “capacity” of this channel could be explicitly encoded within an
enriched category framework (for example, in -enriched categories, where hom-sets are not just single arrows
but Hilbert spaces encoding quantum state transformations). This provides a direct link to quantum information
theory, positing that the fundamental causal structure itself determines information flow and its inherent limitations.
This perspective suggests new avenues for studying quantum communication and computation within a
fundamentally discrete spacetime, where information transfer is quantized and causal paths act as fundamental
processing units.

9.1.2.

The Primary Prediction: Lorentz-Invariant Momentum Diffusion (“Swerving”)

The breakdown of continuous symmetries at the Planck scale, while preserving statistical Lorentz invariance, leads
to a specific, unique, and testable prediction: momentum diffusion, or “swerving.”

9.1.2.1. The

Physical Mechanism of Momentum Diffusion

A particle (modeled as a propagating causal excitation, as described in Part VII) moving through the discrete causal
category does not follow a perfectly smooth geodesic. Instead, its 4-momentum undergoes a random walk or
diffusion process due to the stochastic fluctuations and granular nature of the underlying causal structure at the
Planck scale. Each fundamental causal step ( ) can impart a tiny, random, isotropic kick to the particle’s
momentum, accumulating over vast distances.

9.1.2.2.

Mathematical Formalism (Fokker-Planck Equation) for Swerving

This continuous diffusion process in momentum space is described by a Fokker-Planck equation. The diffusion
constant, , which quantifies the rate of momentum diffusion, is predicted to be proportional to the energy of the
particle and a power of the Planck length:  (where  is a model-dependent exponent, typically ranging
from  to ).

9.1.2.3.

The Key Feature: Lorentz Invariance of the Diffusion Process
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Crucially, the microscopic random kicks imparted to the particle’s momentum are isotropic in the particle’s local rest
frame. When boosted to an observer’s frame, this diffusion process remains fully covariant. This means it is a
**Lorentz-invariant violation of *exact energy-momentum conservation***, rather than a violation of Lorentz
symmetry itself. Lorentz invariance is not fundamental—it emerges from the symmetric monoidal structure of

 under disjoint union. However, at high energies, this symmetry is broken by the discrete structure. The
energy scale of this violation is precisely the Planck scale, as that is where the sprinkling density  becomes
significant. Different actions (e.g., the BDG action vs.  more nonlocal actions) can produce different spectral
fingerprints for this swerving: the BDG action may lead to a direction-dependent speed of light for high-energy
particles, while nonlocal actions could lead to modified dispersion relations ( ).

9.1.2.4.

Resolution of the Problem of Lorentz Violation Signatures

This momentum diffusion, or “swerving,” is the primary observable signature of CST. It is a subtle effect that
distinguishes CST from both continuum GR (which predicts no swerving) and naive Lorentz-violating theories
(which predict a preferred frame). Astrophysical observations (gamma-ray bursts, pulsars) can thus perform
“spacetime spectroscopy,” probing the dispersion and energy loss of high-energy particles to differentiate between
various quantum gravity models and test the Planck-scale structure of spacetime. This directly addresses the
problem of Lorentz violation signatures (Section 1.1.3.12).

9.1.3.

Phenomenological Constraints and Observational Windows: Testing for Swerving

The cumulative nature of momentum diffusion over vast distances and long timescales makes it amenable to
detection through precision astrophysical and cosmological observations.

9.1.3.1.

Astrophysical Probes (Cumulative Effects over Cosmic Distances)

 **Gamma-Ray Bursts (GRBs) and High-Energy Neutrinos:** These are extremely distant and energetic sources,
originating from billions of light-years away. Over such cosmological distances, the cumulative effect of momentum
diffusion would cause a measurable blurring of their energy spectrum or a temporal dispersion of their arrival times.
The observation of sharp, unblurred signals from distant GRBs (e.g., by Fermi Gamma-ray Space Telescope) and
neutrino sources (e.g., IceCube-Gen2) places extremely strong constraints on .  **Ultra-High-Energy Cosmic
Rays (UHECRs):** The observed sharp cutoff in the cosmic ray spectrum (the GZK cutoff) is sensitive to
momentum diffusion, which would affect their trajectories and energies over intergalactic distances. Any deviation
from the predicted GZK cutoff or the observation of UHECRs beyond this energy threshold could point to swerving
effects.

9.1.3.2.

Laboratory and Cosmological Constraints (High-Precision Measurements)

 **Atomic Clocks:** Even in controlled laboratory environments, the minute momentum diffusion predicted by
swerving would cause a slow heating of ions trapped in atomic clocks, leading to a measurable dephasing. The
incredibly high precision of modern atomic clocks (e.g., optical lattice clocks) places stringent constraints on . 
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Nuclear Stability: Atomic nuclei have been stable for billions of years. Any significant, cumulative random kicks to
their momentum from swerving would eventually have imparted enough energy to disrupt the nucleus, placing
extremely strong bounds on the diffusion rate over cosmic timescales.  **Cosmic Neutrino Background (C
B):** This provides some of the most stringent constraints to date. The relic neutrinos from the early universe are
extremely old and have very low energy. Even a minuscule diffusion rate, accumulated over the age of the universe,
would have heated this relic population far beyond limits inferred from cosmological data (e.g., from Big Bang
Nucleosynthesis or CMB).

9.1.3.3.

Future Directions: Gravitational Wave Observatories

Swerving could also affect gravitons (the fundamental excitations of the spacetime geometry itself), leading to a
decoherence or “blurring” of gravitational wave signals from distant sources. This effect could manifest as a
modification to the phase or amplitude evolution of gravitational waves. This is a potential signature for next-
generation observatories like LISA or the Einstein Telescope, opening a new frontier for testing Planck-scale
physics. These tests are critical for integrating Lorentz violation constraints (Section 1.1.3.14).

9.2.

Signatures in the Cosmic Microwave Background: A Fossil Record of Causal Growth

The early universe was the ultimate high-energy laboratory. The process of cosmic becoming, described by the
quantum growth functor  (from Part III, Section 3.3.2.3), should leave indelible imprints on the largest scales of
the cosmos, observable today in the Cosmic Microwave Background (CMB). This section addresses the problem of
CMB signatures (Section 1.1.3.13).

9.2.1.

The “Everpresent ” Model as a Functorial Fluctuation of the Vacuum

The Relational Process Ontology provides a unique mechanism for the cosmological constant arising from intrinsic
quantum fluctuations of spacetime volume, known as the “Everpresent ” model.

9.2.1.1. The

Volume Functor and Its Quantum Fluctuations

We define a volume functor  that, for any causal category , counts the number of
objects  it contains. This functor provides a discrete, combinatorial measure of spacetime volume. The quantum
nature of the growth process (Part III) implies that  does not return a single, fixed number for a given region,
but rather a probability distribution . Due to the underlying Poissonian nature of the sprinkling process (Part
I), the variance  (in Planck units), implying intrinsic fluctuations in spacetime volume at all
scales, even in the “vacuum.”

9.2.1.2. The

Conjugacy of Volume and Action Density ( )
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In a quantum theory where the total number of elements  might be fixed (representing a microcanonical ensemble
for the universe),  (interpreted as action density) and Volume  are conjugate variables, satisfying an uncertainty
relation . This induces a residual discrepancy in the action. Specifically, the expectation value of the
BDG action (from Part VI, Section 6.3.1.1) can be shown to take the form

, where  is a bare cosmological constant.

9.2.1.3. The Prediction of

This leads to a prediction for the magnitude of fluctuations in the cosmological constant: , where  is
the number of elements in the observable universe. Given the estimated  in Planck units for the
observable universe, this derivation remarkably yields the correct order of magnitude for the observed dark energy (

) without requiring any fine-tuning. This aligns with the cosmological constant resolution from
“Axiomatic Universe” (Quni-Gudzinas, 2025b, Section 4.1.1.1) and “Computo Ergo Sum” (Quni-Gudzinas, 2025a,
Section 4.3.2.0).

9.2.2.

Cosmic Microwave Background Anisotropies from Causal Fluctuations in 

The fluctuations in the cosmological constant predicted by this model should leave observable imprints on the
Cosmic Microwave Background.

9.2.2.1. The

Physical Mechanism of  Fluctuations

The fluctuations in  (representing local vacuum energy density) during the era of recombination would have varied
across causally disconnected patches of the universe. This phenomenon induces slight, local variations in the
expansion rate of these patches, leading to corresponding temperature anisotropies in the Cosmic Microwave
Background.

9.2.2.2. The

Predicted Signature in the CMB Power Spectrum

The “Everpresent ” model predicts a specific, **scale-invariant (flat) contribution** to the CMB angular power
spectrum, primarily at large angular scales (low multipoles, ). This predicted signature is distinct from standard
inflationary predictions, which often favor specific spectral tilts or features.

9.2.2.3. Confrontation

with Planck Satellite Data

High-precision CMB data from the Planck satellite has been used to rigorously test this prediction. The observed
power at low  is largely consistent with the standard Lambda Cold Dark Matter ( CDM) model, and the data
places very strong constraints on any additional, unmodeled contribution from the Everpresent  model. This has
effectively **falsified the simplest version of the model**, showing it cannot be the sole source of cosmic
acceleration in its most basic form.
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9.2.2.4. The Path Forward

for Refined Models

While the simplest model is ruled out, this outcome demonstrates the theory’s inherent falsifiability. Current
research focuses on more sophisticated models where the fluctuations might be scale-dependent, or where the
interaction with matter fields modifies the prediction, potentially allowing the model to evade current constraints
and providing a more complex, viable explanation.

9.2.3.

Primordial Non-Gaussianities from Early Universe Growth

Beyond the simple power spectrum, the statistical properties of Cosmic Microwave Background fluctuations offer
further avenues for testing.

9.2.3.1. The

Source of Non-Gaussianities: Stochastic Growth

The stochastic, non-local growth dynamics of the very early universe, inherent to the Relational Process Ontology
framework, are generically expected to be non-Gaussian. This implies deviations from the simple random field
behavior predicted by many inflationary models.

9.2.3.2. The

Prediction of Specific Non-Gaussian Signatures

The primordial density fluctuations that seeded the CMB should therefore contain specific, calculable **non-
Gaussian signatures** (e.g., in the bispectrum and trispectrum) that would distinguish CST from standard
inflationary models (which typically predict nearly Gaussian fluctuations). These signatures arise directly from the
combinatorial nature of the initial causal structure, offering a unique fingerprint of quantum gravity.

9.2.3.3.

Observational Tests for Non-Gaussianities

Future high-precision CMB experiments (e.g., CMB-S4, LiteBIRD) are specifically designed to probe these non-
Gaussianities with unprecedented sensitivity. Calculating the precise shape of these signatures from the underlying
categorical growth dynamics is a major computational challenge but represents a unique and powerful test for the
theory.

9.2.4.

Resolution of the Problem of Cosmic Microwave Background Signatures

Specific non-Gaussianities in the primordial power spectrum and characteristic  fluctuations at low multipoles are
predicted in the CMB, providing concrete targets for observation. This directly addresses the problem of CMB
signatures (Section 1.1.3.13).
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9.3. The

Ultimate Question of Substance: What is an Event?

This section confronts the deepest ontological question of the theory, demonstrating how the categorical framework
provides a definitive, relational answer, systematically addressing the problem of the ontological nature of events
(Section 1.1.3.16).

9.3.1. Rejection of a

Substance-Based Answer

A central tenet of the Relational Process Ontology is the explicit rejection of any substance-based definition for
fundamental entities. A classical or set-theoretic answer would implicitly (or explicitly) posit events as “things” with
intrinsic properties (e.g., mass, a specific location in a background spacetime, or a unique time coordinate). The
categorical framework explicitly and fundamentally rejects this atomistic, substance-based approach, as detailed in
Part II, Section 2.2.3.

9.3.2.

An Event as a Representable Functor: The Yoneda Lemma in Physics

The true nature of an event, in the Relational Process Ontology, is unveiled by the profound insights of category
theory.

9.3.2.1. The Yoneda Lemma (Review)

The Yoneda Lemma states that an object  in a category  is completely determined (up to unique isomorphism) by
its covariant hom-functor . This functor maps any other object  in  to the set ,
effectively representing all ways  can relate to other objects  (its entire causal future). Dually, it is also
determined by its contravariant hom-functor , representing its entire causal past.

9.3.2.2.

The Physical Translation of the Yoneda Lemma in 

Translating this mathematical principle into physics, an event  in a causal category  is nothing more than the
complete network of its causal relations to all other events in the universe. It is a “point of interaction” whose entire
“substance” is defined solely by its causal past (all ) and its causal future (all ).

9.3.2.3. No Intrinsic “Stuff”

(Haecceity)

An event has no hidden, internal properties or “haecceity” (primitive ‘thisness’) beyond its role in the causal web. Its
identity is purely its relational context within the causal network. Its “being” is its “relating.” This fundamentally
aligns with Axiom IV (Skeletality) of Part II (Section 2.1.3.4), where causally indistinguishable events are identical.

9.3.2.4.

Resolution of the Problem of the Ontological Nature of Events
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The question of what an “event” is, is answered by dissolving the concept of “substance” for fundamental entities.
An event is a pure, irreducible unit of relational information within a process. It is its role in the cosmic
computation, precisely as encoded by its representable functor. This provides a definitive relational answer to the
problem of the ontological nature of events (Section 1.1.3.16).

9.3.3.

The Universe as Information, Time as Computation: The Deepest Synthesis

The Relational Process Ontology culminates in a profound synthesis, where information and computation are
fundamental to reality itself.

9.3.3.1. A Causal

Network of Information Processing

The universe is fundamentally a computational network. Events are interpreted as nodes where information is
processed, and causal morphisms are the “wires” through which this information flows. The structure of

 dictates the permitted computations and information transfers. This aligns with “Computo Ergo Sum”
(Quni-Gudzinas, 2025a, Section 11.1), which models the universe as a Quantum Turing Machine.

9.3.3.2. The

Deepest Synthesis: Information, Time, and Physics

This perspective brings together all threads of the report. The universe is information, encoded in a dynamic causal
category. Time is the sequential, functorial process of this category’s growth and self-computation. Physics is the
emergent, statistical description of this fundamental process of information unfolding.

Part

X: Conclusion: A New Foundation for Physics—The Dawn of a Relational, Process-Oriented Universe

Having journeyed from the limitations of a set-theoretic substance ontology to the dynamic, relational framework of
category theory (Parts I-III), and having meticulously constructed the quantum dynamics (Part IV), defined
emergent geometry (Parts V-VI), and unified matter and forces (Part VII), this report culminates in a profound re-
imagining of Causal Set Theory and, by extension, of fundamental physics itself. It has been rigorously shown that
the deepest unsolved problems of the theory—concerning dynamics, emergence, and the nature of the quantum—
find natural and rigorous solutions within this process-oriented language. This final part provides a systematic
summary of these resolutions, articulates the coherent and unified vision of reality that emerges, and charts a course
for the future of a physics where relation precedes substance and process is primary. This comprehensive conclusion
reinforces the generative thesis of this report (Section 1.2.3) and aligns with the overarching “Universe as Self-
Proving Theorem” framework (Quni-Gudzinas, 2025f), where physical reality is a self-executing mathematical
structure.

10.1.

A Systematic Resolution of Foundational Challenges: A Summary of Answers to the 16 Original Questions

This section serves as the definitive synthesis of the report’s findings, systematically reviewing each of the sixteen
fundamental open questions identified in Part I and demonstrating how the category-theoretic Relational Process
Ontology (RPO) provides a definitive answer, a clear path toward a solution, or a profound re-contextualization

CausCat



within this new paradigm. This explicitly validates the framework’s comprehensive explanatory power.

10.1.1. Resolving the Problem

of Dynamics

The Relational Process Ontology provides an intrinsic and background-independent description of cosmic evolution.

10.1.1.1. The Dynamical Law

(Question 1.1.3.1)

The precise, background-independent dynamical law is identified as a stochastic 2-functor
 (Part III, Section 3.2.2.4). This functor intrinsically describes how causal

categories evolve probabilistically. The “Action” for causal categories is formalized as a functor
 (Part IV, Section 4.2.3), and its derivation (e.g., as a variant of the Benincasa-Dowker-

Glaser action) is framed as a search for a principled functor  that reproduces the correct semi-classical limit and
satisfies deep categorical consistency conditions, rather than an ad-hoc choice. The ambiguous quantum measure for
the path integral is resolved by a **Kan extension**, canonically defining it as a sum over isomorphism classes
weighted by the inverse of their automorphism groups (Part IV, Section 4.3.3).

10.1.1.2.

Background Independence of Growth (Question 1.1.3.5)

The functorial growth process is **manifestly background-independent** (Part III, Section 3.2.4.2). The Markov
kernels  depend purely on the intrinsic structure of the input causal category , and not on any external
space, time, or volume. The “number of objects” ( ) serves as the intrinsic measure of growth, replacing external
spatial or temporal coordinates with an internal, self-referential progression. This aligns with Axiom C2
(Computational Closure) of the “Self-Computing Universe Framework” (Quni-Gudzinas, 2025a, Section 2.2.2.0).

10.1.2. Explaining the

Nature of Emergence

The Relational Process Ontology rigorously explains how continuous, geometric spacetime and its large-scale
properties emerge from the discrete causal substrate.

10.1.2.1. Manifold-Likeness

(Question 1.1.3.3)

The emergence of manifold-like universes is enforced as a sheaf condition on the classifying topos
 (Part V, Section 5.2.3). The quantum path integral dynamically selects for this “geometric

phase” (where the sheaf condition holds) by suppressing non-sheafifiable (pathological) histories through precise
destructive interference. This corresponds to logical coherence within the topos, ensuring that locally consistent
causal structures can be globally “glued” to form a continuous manifold.

10.1.2.2. Dimensionality

(Question 1.1.3.4)
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The macroscopic dimension (specifically 4D) is a stable emergent invariant (Part V, Section 5.3.2). It arises as a
robust fixed point of a categorical Renormalization Group flow operating on the space of causal categories (Part
V, Section 5.3.3). This resolves the dimensionality problem without invoking anthropic arguments, as other
dimensions are shown to be unstable under this dynamic flow.

10.1.2.3.

Ricci Tensor Origin (Emergent GR) (Question 1.1.3.6)

The Ricci tensor and the full Einstein field equations emerge as components of a natural transformation
 (Part VI, Section 6.3.2.3). This naturality expresses a universal law of relational consistency

that must hold for action and stress-energy on emergent classical spacetimes. General Relativity is thus an emergent
law of consistency, a theorem about the universal properties of the geometric phase of quantum spacetime, not a
fundamental axiom. This aligns with Axiom 10.1.3 of the “Universe as Self-Proving Theorem” (Quni-Gudzinas,
2025f).

10.1.2.4.

Spacetime Defects & Dark Matter (Question 1.1.3.7)

Spacetime defects are precisely defined as **singular objects in ** where the local sheaf condition for
manifold-likeness fails, or as non-representable functors (termed Off-shell Dark Matter) (Part VII, Section 7.3.1).
These intrinsic structural anomalies provide rigorous candidates for dark matter, offering a physical role for non-
manifold-like structures that interact gravitationally but remain “dark” to Standard Model forces. This aligns with
the discussion in “Map is Not the Universe” (Quni-Gudzinas, 2025f, Section 1.1.2.2).

10.1.2.5. Spacetime

Topology (Question 1.1.3.8)

The global topology of spacetime emerges from the **homology of the nerve complex of the causal category **,
computed via a homology functor  (Part V, Section 5.4.1). The observed
simplicity of our universe’s topology is a consequence of the action favoring states with low homology through
destructive interference, dynamically selecting simple topologies.

10.1.3. Deriving

the Foundations of Quantum Mechanics

The Relational Process Ontology provides intrinsic, non-axiomatic foundations for the core principles of quantum
mechanics.

10.1.3.1. Born Rule

Derivation (Question 1.1.3.9)

The Born rule, , is derived as a **statistical theorem** (a law of large numbers) from the
combinatorial counting of distinct functorial growth paths (Part VIII, Section 8.2.2). Quantum probability emerges
as the frequency of actualized histories in an ensemble of possibilities. Wave function collapse is identified with the

α : G ​ ⇒geom T ​matter
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objective, physical actualization of a specific growth path, resolving the measurement problem without external
observers or many-worlds. This aligns with the “Treatise on Waves” (Quni-Gudzinas, 2025d, Part II) and Axiom C5
(Consistency Preservation) from “Computo Ergo Sum” (Quni-Gudzinas, 2025a, Section 4.2.0).

10.1.3.2.

Particle Emergence (Unification) (Question 1.1.3.10)

Particles are fundamentally **stable, propagating, irreducible representations** of the symmetries of the causal
category , formalized as modules over a fibered category  (Part VII, Section
7.1.2). Their properties (mass, spin, charge) are the invariants of these representations, connecting directly to the
geometry of causal connections. Unification of gravity and other forces is achieved via this unified categorical
structure.

10.1.3.3. Quantum

Entanglement (Question 1.1.3.11)

Quantum entanglement is explained as a non-local correlation arising from a shared causal past, whose structure is
formally captured by the comma category of the pasts of the measurement events (Part VIII, Section 8.3.2). There
is no “spooky action at a distance”; instead, the correlation is a **heritage of their shared origin**, a consequence of
their common causal structure that constrains future possibilities.

10.1.4.

Connecting to Phenomenology and Falsifiability

The Relational Process Ontology offers concrete, experimentally testable predictions that differentiate it from other
quantum gravity theories and continuum physics.

10.1.4.1.

Lorentz Violation Signatures (Question 1.1.3.12)

Lorentz symmetry is an emergent, statistical symmetry (Part IX, Section 9.1.1). The theory predicts stochastic,
Lorentz-invariant momentum diffusion (“swerving”) as a consequence of underlying discreteness, providing a
concrete phenomenological signature (Part IX, Section 9.1.2). This process is a violation of exact energy-momentum
conservation, not Lorentz symmetry itself, and serves as a distinguishing feature from continuum GR and naive
Lorentz-violating theories.

10.1.4.2.

Cosmic Microwave Background Signatures (Question 1.1.3.13)

The primordial growth functor’s stochasticity is predicted to leave specific non-Gaussian patterns in the CMB
(Part IX, Section 9.2.3). Furthermore, fluctuations in the **volume functor ( )** predict a characteristic scale-
invariant contribution to the CMB angular power spectrum at large angular scales (low multipoles, ), related to a
fluctuating cosmological constant  (Part IX, Section 9.2.2).

10.1.4.3.
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Lorentz Violation Constraints (Question 1.1.3.14)

The calculable momentum diffusion (“swerving”) is already tightly constrained by high-precision astrophysical
observations (e.g., Gamma-Ray Bursts, Ultra-High-Energy Cosmic Rays, Cosmic Neutrino Background) and atomic
clocks (Part IX, Section 9.1.3). The theory integrates these constraints by providing specific models for the energy
dependence of the diffusion constant , allowing for refined predictions and future tests using gravitational wave
observatories or quantum metrology experiments.

10.1.5.

Addressing the Deepest Foundational Questions

The Relational Process Ontology addresses fundamental philosophical and ontological questions about the nature of
reality.

10.1.5.1.

Fundamental Density & Cosmological Constant (Question 1.1.3.15)

The value  in Planck units is derived as a necessary consequence for the conjugacy of the action and
volume functors to correctly predict the observed cosmological constant  (Part VII, Section 7.3.2.2). Specifically,
the prediction  for  matches observation without fine-tuning, providing a first-principles
derivation for this critical cosmological parameter. This aligns with the cosmological constant resolution in
“Axiomatic Universe” (Quni-Gudzinas, 2025b, Section 4.1.1.1) and “Computo Ergo Sum” (Quni-Gudzinas, 2025a,
Section 4.3.2.0).

10.1.5.2. Nature of

Events (Ontology) (Question 1.1.3.16)

The ontological question of what an “event” is, is definitively answered by the Yoneda Lemma (Part II, Section
2.3.2; Part IX, Section 9.3.2). An event is its relational structure; it has no substance beyond its network of causal
connections. It is a pure, irreducible unit of relational information within a process, precisely encoded by its
representable functor, fully transcending the substance-based worldview.

10.2.

The New Paradigm: A Unified Vision of a Relational, Process-Oriented Universe

The successful resolution of these foundational challenges leads to a new, coherent, and powerfully unified vision of
reality that fundamentally departs from conventional physics.

10.2.1. The

Triumph of a Relational Process Ontology

The Relational Process Ontology offers a complete conceptual shift in how reality is understood.

10.2.1.1. The End of

“Things” and Primitive Substance
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The universe, in this paradigm, is not a collection of isolated objects. All physical entities—events, particles, fields,
spacetime itself—are fundamentally processes and relations. There are no “things” existing independently of their
interactions.

10.2.1.2. The

Primacy of Arrows as Ontological Constituents

Causal morphisms are the primary ontological constituents of reality, generating a dynamic, interconnected network.
“Existence” is explicitly redefined as “participation in the causal flow,” emphasizing active relation over static
being.

10.2.1.3. Causal

Actualism: A Growing Block Universe

The past is actual and immutable, a fixed record of completed colimits. The future, however, is genuinely potential
and indeterminate until actualized by the ongoing growth process. This stands in stark contrast to eternalistic “block
universe” models and aligns with the concept of “becoming” through colimit completion (Part VIII, Section 8.1.2).

10.2.2.

From Sets to Categories: The Indispensable Language of Reality’s Structure

Category theory is not merely a mathematical tool but the inherent grammar of this relational universe.

10.2.2.1. Category

Theory as Reality’s Native Grammar

The report has demonstrated that category theory is not an optional formalistic flourish, but the necessary language
for describing a fundamentally relational and dynamic universe. Its structures inherently allow for a background-
independent formulation where relations are primary and contextuality is built-in.

10.2.2.2.

Unification through Shared Categorical Structure

The existence of shared categorical structures across different domains of physics (e.g., dagger-compact categories
for both quantum systems and spacetime cobordisms) reveals a deep, non-accidental unity between seemingly
disparate parts of physics. This is a unification not of forces, but of underlying organizational principles.

10.2.3. A Unified

Physics of Emergent Laws and Forces

The Relational Process Ontology integrates all fundamental aspects of physics into a single, coherent framework.

10.2.3.1.

Gravity and Quantum Theory Unified by Emergent Dynamics



Gravity and quantum theory are not separate theories to be reconciled. Gravity emerges from the collective quantum
dynamics of the causal category’s growth. Spacetime is a quantum system, a consequence of the fundamental causal
relations themselves.

10.2.3.2.

Matter and Spacetime Unified by Causal Excitations

Matter is not “in” spacetime; it is an excitation of spacetime—a specific type of relational pattern in the causal
network. Unification is achieved not by finding a single force, but by recognizing a single underlying substance: the
process of relational becoming. All forces and particles are **excitements of the causal set—unified not by
symmetry, but by relational becoming**.

10.2.3.3.

Determinism and Stochasticity Reconciled by Emergent Probabilities

The underlying process is inherently stochastic (probabilistic growth), but its coarse-grained macroscopic
manifestations can exhibit deterministic classical laws (e.g., Einstein’s equations). Quantum probabilities are thus
emergent statistical properties, bridging the gap between fundamental randomness and classical predictability. This
aligns with the statistical derivation of the Born rule (Part VIII, Section 8.2.2).

10.3.

The Philosophical Repercussions: Redefining Existence, Time, and Knowledge

The categorical Relational Process Ontology is not just a scientific theory; it is a complete philosophical framework
that fundamentally reshapes our understanding of core metaphysical concepts.

10.3.1.

Existence as Self-Generation: The Universe as a Self-Composing Symphony

The universe is understood as a **self-generating, self-organizing system**. Its laws are not external impositions
but are inherent to its structure and evolution, arising from the consistent composition and transformation of causal
relations. This implies an ontological priority of consistency: only logically consistent causal histories are
actualized, enforcing a cosmic coherence. This resonates with Axiom C5 (Consistency Preservation) from “Computo
Ergo Sum” (Quni-Gudzinas, 2025a, Section 2.2.5.0).

10.3.2.

Time as Objective Becoming: The End of the Block Universe

The passage of time is a real, physical process of **colimit completion**, the continuous actualization of potential.
Our subjective experience of time’s flow is a genuine reflection of this objective becoming. This provides a
definitive resolution to the age-old philosophical debate on the nature of time, asserting its dynamism.

10.3.3.

Knowledge and Observation in a Relational Process Ontology: Relational Truth and Emergent Classicality



In the Relational Process Ontology, knowledge itself is contextual. Relational truth arises from the inherent
structure of relations, as formalized in topos theory. The classical world, with its apparent certainty, emerges from
the coarse-graining of vast numbers of quantum events, resolving the quantum-to-classical transition as a statistical
phenomenon. The observer’s role is not external; observers are complex emergent processes within the causal
network, capable of forming internal models (representations) of the universe, integrating consciousness itself as an
emergent feature of causal processing. This aligns with Axiom C4 (Observational Embedding) of “Computo Ergo
Sum” (Quni-Gudzinas, 2025a, Section 2.2.4.0).

10.4.

The Future of Fundamental Physics: A Research Program for the 21st Century

This categorical reframing does not mark an end but a beginning. It transforms the quest for quantum gravity into a
concrete research program with clear mathematical and phenomenological goals, promising breakthroughs in our
understanding of the universe.

10.4.1.

Mathematical Frontiers: Deepening the Theory of  and Quantum Dynamics

The mathematical landscape opened by this framework is vast and promises profound insights.

10.4.1.1.

Classifying  and Its Symmetries

Further investigation into the homotopy theory, classifying topos, and higher algebraic structures (e.g., 2-groups of
symmetries, categories of modules) of  is essential. This involves exploring how the categorical axioms
(thinness, acyclicity, etc.) manifest in higher categorical settings and what physical insights might be gained from
this enriched structure, potentially leading to new classifications of fundamental interactions.

10.4.1.2. Deriving the

Quantum Growth Functor

The primary mathematical task is to derive the specific quantum growth functor  (and its
underlying action) for our universe from first principles. This includes exploring the profunctorial view of the
quantization functor and investigating how different choices of initial conditions or action principles lead to varied
cosmological outcomes, allowing for a more precise understanding of cosmic evolution.

10.4.1.3. Categorical

Renormalization Group

Further developing the CRG flow on  is crucial to rigorously demonstrate the emergence of 4D GR as
an attractive fixed point (Part V, Section 5.3.3). This entails mapping specific discrete observables to continuum
field theory parameters and studying their flow equations in the categorical context, aiming for a fully non-
perturbative definition of quantum gravity that captures scale-dependent phenomena.

10.4.1.4. Categorical
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Quantum Information Theory

Investigating the interpretation of causal morphisms as quantum channels within an enriched category framework is
a promising frontier. This could lead to new insights into quantum computing and fundamental information bounds,
potentially even suggesting that the universe is a quantum computer, where causal links process and transmit
quantum information.

10.4.1.5.

Higher-Dimensional Categories and Quantum Gravity

Exploring the implications of -categories for a more nuanced description of quantum spacetime is a natural
extension. Here, higher-order morphisms could encode higher-order causal processes or field excitations. This could
provide a deeper connection to string theory or other approaches to quantum gravity by mapping different
categorical levels to distinct physical phenomena, possibly revealing the emergent nature of extra dimensions or
branes from underlying causal relations.

10.4.2.

Computational Frontiers: Simulating the Emergence of Reality

Advancements in computational power and algorithms are critical for probing the predictions of this complex
theory.

10.4.2.1. Large-Scale

Numerical Simulations

Developing new algorithms to simulate the path integral over causal categories on classical and quantum computers
is essential, particularly for higher-dimensional models. This includes leveraging quantum annealing and other
quantum computational paradigms to efficiently explore the vast phase space of  and identify dominant
histories, making calculations tractable.

10.4.2.2. Machine

Learning for Causal Structures

Utilizing Artificial Intelligence (AI) and machine learning techniques to analyze large simulated causal sets can aid
in reverse-engineering emergent laws, identifying spacetime defects, and predicting cosmological parameters. This
could involve deep learning models to identify “manifold-like” patterns or to learn optimal coarse-graining
strategies, thus accelerating the search for the correct action principle and potentially discovering novel phases of
spacetime not accessible through traditional methods.

10.4.3.

Phenomenological Frontiers: Probing the Quantum of Spacetime

The ultimate validation of the Relational Process Ontology lies in its ability to generate testable predictions for
current and future observational programs.

10.4.3.1. Precision Cosmology

n
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Searching for predicted non-Gaussianities and specific signatures in the Cosmic Microwave Background (CMB)
(e.g., from Everpresent  models) using next-generation experiments (CMB-S4, LiteBIRD) is a high-priority task.
This includes precise measurements of the large-scale structure (LSS) and weak lensing to detect Off-shell Dark
Matter signatures, pushing the limits of current cosmological models and potentially revealing the discrete
granularity of the early universe.

10.4.3.2. High-Energy

Astrophysics

Using neutrino observatories (IceCube-Gen2) and gamma-ray telescopes (CTA) to constrain momentum diffusion
(“swerving”) and other Lorentz-invariant violation effects is crucial. This will involve developing refined models for
the energy dependence of  and its impact on particle propagation over cosmic distances, potentially revealing the
discrete nature of spacetime at ultra-high energies.

10.4.3.3. Quantum Sensing and

Metrology

Proposing novel experiments with atomic clocks and quantum interferometers sensitive to the fundamental
stochastic “noise” of spacetime growth pushes the boundaries of tabletop experiments. These ultra-high precision
measurements seek subtle decoherence or phase shifts due to Planckian discreteness, potentially opening a new era
of quantum gravity phenomenology in terrestrial laboratories.

10.4.3.4. Black

Hole Thermodynamics and Singularities

Exploring how singularities, particularly black hole interiors, are resolved in the categorical Relational Process
Ontology is vital. The acyclicity axiom (Part II, Section 2.1.3.2) means true spacetime singularities cannot form as
points, but rather as regions where the local causal structure becomes maximally disordered (e.g., a “crumpled
phase”) or where the sheaf condition fails catastrophically, potentially explaining information loss and the nature of
the event horizon. This could lead to falsifiable predictions for gravitational wave echoes or novel black hole
microstates, linking discrete gravity to observational astrophysics.

10.5.

A Final Statement of Vision: The Universe as a Dynamic, Relational Proof

The journey of fundamental physics has been a continuous process of shedding intuitive, substance-based notions in
favor of more abstract, relational, and powerful mathematical structures. The categorical reframing of Causal Set
Theory represents the next logical step in this journey. It provides not just a candidate theory of quantum gravity, but
a new foundation for all of physics, one where the universe is understood not as a static machine, but as a dynamic,
computational, and relational process of self-creation. The ultimate task is to decipher the logic of this cosmic
becoming, revealing the universe as a grand, self-composing symphony of causal relations.
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12.0 Appendices

12.1. Appendix A: Glossary of

Key Terms

This glossary provides definitions for specialized terms used throughout this report, ensuring clarity and consistent
understanding of concepts central to the Relational Process Ontology and its categorical foundations.

12.1.1. Table of Key Terms

Term | Definition |

Adjunction | A pair of functors between two categories that are related by a natural isomorphism of hom-sets,
formalizing a duality or inverse relationship between two processes (e.g., sprinkling and emergence). |



Born Rule | The principle in quantum mechanics that the probability of a measurement outcome is the squared
modulus of its probability amplitude ( ). In this framework, it is derived as an emergent statistical theorem. |

Categorification | The process of replacing set-theoretic concepts with their category-theoretic analogues, typically
by replacing sets with categories, functions with functors, and equations with natural isomorphisms. |

Category | A mathematical structure consisting of objects and morphisms (arrows) between them, governed by
axioms of composition and identity. It prioritizes processes and relations over static entities. |

Causal Category | A small, thin, acyclic, locally finite, and skeletal category that serves as the fundamental
mathematical object of the reframed Causal Set Theory, reifying causality as its primary structure. |

Causal Set | A locally finite partially ordered set (poset), representing the fundamental discrete structure of
spacetime in standard Causal Set Theory. |

Colimit | A universal construction in category theory that represents the “gluing together” or “union” of objects in a
diagram. In this framework, it formalizes the concept of a completed causal history. |

Comma Category | A categorical construction that describes all morphisms from objects in one category to objects
in another, relative to a third category. Used here to formalize the shared causal past of entangled events. |

Functor | A structure-preserving map between categories. It maps objects to objects and morphisms to morphisms
while respecting composition and identity, enabling the comparison of different categorical structures. |

Haecceity | A philosophical term for the primitive, non-relational “thisness” or intrinsic identity of an object. The
Relational Process Ontology eliminates this concept in favor of purely relational identity. |

Kan Extension | A universal construction in category theory that provides the “best possible” extension of a functor
along another functor. Used here to canonically derive the quantum path integral and its measure. |

Morphism | An arrow in a category representing a process, transformation, or relation between two objects (its
domain and codomain). In the Causal Category, morphisms represent irreducible causal links. |

**Natural Transformation** | A map between two functors that relates them in a consistent, “natural” way. It
represents a transformation of theories or processes and is used to formalize emergent physical laws like Einstein’s
equations. |

Ontology | The branch of metaphysics dealing with the nature of being. A substance-based ontology posits static
“things” as primary, while a **process-based ontology** posits dynamic processes as primary. |

Presheaf | A contravariant functor from a category to the category of sets. In topos theory, presheaves are used to
model context-dependent properties and propositions about physical systems. |

**Relational Process Ontology (RPO)** | The philosophical and physical framework developed in this report, which
posits that reality is fundamentally constituted by dynamic, relational processes (morphisms) rather than static
objects. |

Sheaf | A presheaf that satisfies a “gluing” condition, ensuring that compatible local data can be uniquely assembled
into consistent global data. The sheaf condition is used to define manifold-likeness. |

Topos | A special type of category that has an internal intuitionistic logic and behaves like a generalized universe of
sets. It provides a mathematical framework for contextual truth and is used to model quantum reality. |

Yoneda Lemma | A fundamental theorem in category theory stating that an object is completely determined by its
network of relations to all other objects in the category, providing a rigorous basis for relational identity. |

P = ψ2



12.2.

Appendix B: The Yoneda Lemma as a Principle of Relational Identity

The Yoneda Lemma is one of the most fundamental and powerful results in category theory. Within the Relational
Process Ontology, it transcends its role as an abstract mathematical theorem to become a foundational principle of
physical reality, providing a rigorous and definitive answer to the ontological question of what an entity is.

12.2.1. Formal Statement

of the Yoneda Lemma

Let  be a locally small category. The Yoneda Lemma establishes a canonical isomorphism between the set of
morphisms from a representable functor into any other functor, and the value of that other functor at the representing
object. Formally, for any object  and any functor , there is a natural isomorphism:

Here,  is the covariant hom-functor, which is a functor that maps an object  to the set of morphisms
.  denotes the set of natural transformations between the two functors.

12.2.2. The Yoneda Embedding

A direct and profound consequence of the Yoneda Lemma is the Yoneda embedding, which states that any locally
small category  can be fully and faithfully embedded into its category of presheaves, . This embedding
is given by the functor  that maps an object  to its contravariant hom-functor,

. The “full and faithful” nature of this embedding means that it preserves all the relational
structure of the original category perfectly.

12.2.3.

Ontological Interpretation in the Relational Process Ontology

The Yoneda Lemma and its embedding provide the ultimate formal justification for the RPO’s central claim that
reality is purely relational.

12.2.3.1. An Event is

Its Causal Relations

When applied to the Causal Category ( ), the Yoneda Lemma provides a definitive physical interpretation. The
contravariant hom-functor  represents the entire causal past of event —the complete set of all
events that can influence . Dually, the covariant hom-functor  represents its entire causal future—
the complete set of all events that  can influence. The Yoneda Lemma asserts that the object  is completely and
uniquely determined by these two functors. Therefore, an event is nothing more and nothing less than the totality of
its causal relationships with the rest of the universe.

12.2.3.2. The Elimination of

“Haecceity”

C

A ∈ C F : C → Set

Nat(Hom(A, −),F ) ≅ F (A) (12.2.1.1)

Hom(A, −) X

Hom(A,X) Nat(… )

C [C ,Set]op

Y : C → [C ,Set]op A

Y (A) = Hom(−,A)

C

Hom(−,A) A

A Hom(A, −)
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This principle rigorously eliminates any need for a primitive, non-relational “haecceity” or substance for an event
(as discussed in Section 1.1.2.2 and Section 2.2.3.2). An event has no hidden internal properties; its identity is its
relational signature. This provides a complete and self-contained ontological description where structure and relation
are the only fundamental realities, fully realizing the goals of Radical Ontic Structural Realism (Section 2.3.1).

12.2.3.3. The Universe

as a Self-Observing System

The Yoneda embedding can be interpreted as the universe’s intrinsic capacity for self-representation. The category of
presheaves, , can be thought of as the space of all possible “views” or “descriptions” of the universe
from the perspective of its constituent parts. The Yoneda embedding shows how the universe’s structure ( ) is
perfectly mirrored within this space of internal descriptions. This aligns with the “Universe as Self-Proving
Theorem” (Quni-Gudzinas, 2025f), where the universe is a self-referential system that continuously computes and
validates its own existence.

12.3.

Appendix C: A Primer on Topos Theory for Quantum Gravity

Topos theory offers a radical generalization of classical logic and set theory, providing a mathematical framework
that is naturally suited to the contextual and probabilistic nature of quantum mechanics. This primer provides a
conceptual overview of its key features and its application in resolving quantum paradoxes.

12.3.1. Motivation: Beyond

Classical Logic

Classical physics operates within the logical framework of Boolean algebra, where every proposition is either true or
false (the Law of the Excluded Middle). However, the Kochen-Specker theorem proves that it is impossible to
assign definite, context-independent truth values to all quantum observables simultaneously. This necessitates a
move to a more nuanced, contextual logic.

12.3.2.

Defining a Topos: A Generalized Universe of Sets

A topos is a category that behaves in many ways like the category of sets, Set, but with a potentially different
internal logic. The key ingredients are that it is a Cartesian Closed Category (allowing for the modeling of
functions and logical implication) and, most importantly, it possesses a subobject classifier ( ). This object, ,
represents the space of “truth values” within the topos. In Set,  is simply the two-element set . In a
general topos,  can be a much more complex object, allowing for multi-valued or context-dependent truth.

12.3.3.

The Internal Logic: Intuitionism and Contextual Truth

The internal logic of a general topos is intuitionistic, meaning the Law of the Excluded Middle ( ) does not
necessarily hold. A proposition’s truth value is given by a subobject of , which can be interpreted as the “set of
contexts” in which the proposition is true. This provides a natural mathematical language for contextuality. The

[C ,Set]op

C

Ω Ω
Ω {true, false}

Ω
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propositions form a Heyting algebra, a generalization of a Boolean algebra that does not require the Law of the
Excluded Middle.

12.3.4.

The Döring-Isham Model: A Concrete Application to Physics

The Döring-Isham model provides a concrete way to apply topos theory to quantum mechanics.

12.3.4.1. The Category of

Contexts

The model begins with a category of contexts, , whose objects are the commutative subalgebras of the full,
non-commuting algebra of quantum observables. Each object represents a “classical snapshot” or a specific
experimental setup where a set of compatible observables can be measured simultaneously.

12.3.4.2. The Spectral Presheaf

The quantum state is then represented by an object in the topos of presheaves over this category of contexts. This
object, the spectral presheaf ( ), assigns a classical state space to each context in a consistent manner.

12.3.5.

Resolution of Paradoxes: A Geometric Perspective

Within this framework, quantum paradoxes are resolved as straightforward geometric or logical statements. The
Kochen-Specker theorem becomes the geometric fact that the spectral presheaf  has no “global elements” (no
single state that is consistent across all contexts). The measurement problem is dissolved by redefining measurement
as the act of selecting a specific context, which corresponds to a **functorial restriction** to a Boolean sub-logic.
The apparent “collapse” is an irreversible loss of information as the system is viewed through this limited classical
window, aligning with the “Computo Ergo Sum” framework (Quni-Gudzinas, 2025a, Section 11.1.1.4).

12.4.

Appendix D: Formalizing Off-Shell Dark Matter (O_fDM) as Non-Representable Functors

This appendix elaborates on the speculative but powerful idea introduced in Part VII, Section 7.3.1.3, that a
component of dark matter could be understood as the physical manifestation of non-representable functors on the
Causal Category.

12.4.1. The Concept of

Representability

In category theory, a functor  is representable if it is naturally isomorphic to a hom-functor,
, for some object . By the Yoneda Lemma, this means the functor’s behavior is entirely

captured by a specific object in the category. In the RPO, stable, on-shell particles are modeled as such representable
functors, where the object  is the particle’s state in the causal network.

12.4.2.

V(H)
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Non-Representable Functors as “Phantom” Excitations

A non-representable functor is one that is not isomorphic to any hom-functor. It represents a consistent pattern or
property that can be defined across the category, but which cannot be “pinned down” or sourced by any single,
localized object. These are analogous to “generalized elements” or “virtual” entities that exist only in their collective
effects. In QFT, virtual particles in loops are similar: they have physical effects (e.g., contributing to the Lamb shift)
but are never observed as on-shell particles.

12.4.3.

Physical Interpretation and Phenomenological Signatures

Off-shell Dark Matter (O_fDM) is hypothesized to be the physical manifestation of such non-representable functors
on the Causal Category.

12.4.3.1.

Gravitational Interaction without Direct Coupling

A non-representable functor, while not corresponding to a specific object (a localized particle), would still represent
a pattern of energy-momentum distributed across the causal network. As such, it would contribute to the overall
stress-energy tensor and thus interact gravitationally, curving spacetime. However, because it lacks a representing
object, it would not have the stable, localized structure necessary to couple coherently to the Standard Model fiber
bundle (as described in Part VII, Section 7.1.3). It would therefore be “dark” to all forces except gravity.

12.4.3.2. Falsifiable Predictions

This model of O_fDM makes specific, falsifiable predictions that distinguish it from standard WIMP models.
Instead of discrete particle annihilation signals, O_fDM would manifest as a diffuse, continuous modification to the
background geometry. This could lead to subtle, large-scale anomalies in gravitational lensing, unexpected
modifications to the growth of large-scale structure, or anomalous redshift drift in cosmological observations. These
signatures provide a concrete observational program for testing this novel, categorically-motivated dark matter
candidate.

12.5.

Appendix E: Set-Theoretic vs. Categorical Formulations: A Comparative Analysis

12.5.1. A Comparative Table

of Formulations

This table provides a concise comparison of the key conceptual shifts involved in moving from the standard set-
theoretic formulation of Causal Set Theory to the categorical Relational Process Ontology developed in this report.

Concept | Standard Set-Theoretic Formulation (CST) | Categorical Formulation (RPO) |

Fundamental Entity | The event (an element of a set C). | The morphism (an irreducible causal process). |

Identity | Intrinsic and primitive (“haecceity”). | Purely relational, defined by the Yoneda Lemma. |

Dynamics | An external operation (e.g., sequential growth model) that adds elements to the set. | An intrinsic
**functorial process** that describes the self-generation of the category. |



Spacetime | A static set of points with a partial order relation imposed upon it. | A dynamic **category of causal
histories** ( ) and their transformations. |

Unification | Matter and forces are typically added as external fields or properties on the set. | Matter and forces
emerge as intrinsic representations and excitations of the Causal Category. |

Logic | Implicitly classical and Boolean. | Explicitly contextual and intuitionistic, formalized by **topos theory**. |

Quantum Measurement | A problematic “collapse” or update rule. | An irreversible, information-losing functorial
restriction to a Boolean context. |

CausCat


