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This paper addresses the profound challenges inherent in developing theories of emergent spacetime, which posit
that spacetime is not fundamental but arises from a deeper, pre-geometric reality. The central generative thesis is
that the pursuit of this pre-geometric bedrock is fraught with two primary perils: the risk of becoming lost in purely
formal mathematical abstraction, leading to theories detached from physical intuition and empirical testability, and
the risk of falling into the philosophical void of trivial pancomputationalism, where the concept of “computation”
loses all explanatory power. This document meticulously dissects these risks, analyzing the inherent nature of
mathematical abstraction and critically examining the philosophical arguments against trivial pancomputationalism.
It then explores the necessary constraints and philosophical shifts required to navigate these dangers, using Causal
Set Theory, Loop Quantum Gravity, and the Wolfram Physics Project as case studies. The paper concludes by
proposing a categorical framework that grounds pancomputationalism in physically measurable phenomena, such as
Zitterbewegung, and offers a robust program for empirical validation and falsifiable predictions, thereby
transforming fundamental physics into an active endeavor of empirical verification and theoretical refinement.

1.0

Introduction: The Central Problem of Emergent Spacetime

1.1 The Foundational

Impasse in Modern Physics

1.1.1

The Schism: General Theory of Relativity versus Quantum Field Theory

Modern physics rests upon two pillars of unprecedented success. Yet, these pillars stand in profound, irreconcilable
opposition.

1.1.1.1 The General Theory of

Relativity

The first pillar is Albert Einstein’s **General Theory of Relativity**. This theory offers a classical, deterministic,
and geometric account of gravity that governs the cosmos on its grandest scales. In this framework, gravity is not a
force that propagates through spacetime, but is rather the intrinsic curvature of a dynamic, continuous spacetime
manifold. This manifold is not a passive stage. Its geometry is shaped by the distribution of mass and energy. In
turn, this geometry dictates the motion of that mass and energy. The mathematical language of the General Theory
of Relativity is that of differential geometry, describing a world of smooth, continuous fields.

1.1.1.2 Quantum Field Theory



The second pillar is Quantum Field Theory. This theory provides a probabilistic and quantized description of the
three non-gravitational forces—electromagnetism, the weak force, and the strong force—that govern the
microphysical realm of elementary particles. Quantum Field Theory’s foundational entities are not discrete particles
but continuous fields that permeate all of space and time. Particles are understood as quantized excitations, or
quanta, of these underlying fields. Critically, these quantum processes typically unfold upon a fixed, non-dynamical
spacetime background. This background is a static arena whose geometry is presupposed rather than determined by
the theory itself.

1.1.1.3 The Fundamental

Clash of Ontologies

The conceptual language of Quantum Field Theory is that of probability amplitudes, operators, and quantized states.
This is a vernacular fundamentally alien to the deterministic world of the General Theory of Relativity. This schism
represents more than a mere disagreement on specific predictions. It is a fundamental clash of ontologies, a
dichotomy between a continuous, dynamic stage and a quantized, probabilistic drama.

1.1.2

The Locus of Failure: Critical Conflict at Spacetime Singularities

This foundational conflict, while manageable in most physical regimes where one theory’s effects dominate and the
other’s can be ignored, becomes an outright failure at the universe’s most extreme limits: spacetime singularities.

1.1.2.1

General Theory of Relativity Breakdown at Singularities

The General Theory of Relativity predicts the existence of such points. These occur at the center of black holes and
at the origin of the Big Bang. At these points, its own mathematical framework breaks down catastrophically. At a
singularity, the scalar invariant curvature of spacetime becomes infinite. The very concepts of “where” and “when”
lose their meaning as spacetime itself becomes ill-defined. The theory predicts a point beyond which its descriptive
power ceases.

1.1.2.2

Quantum Field Theory Failure in High-Energy Regimes

Attempting to apply Quantum Field Theory to gravity in these high-energy regimes proves equally futile. The
quantization of gravity, when approached with standard Quantum Field Theory techniques, is non-renormalizable.
Calculations that should yield finite probabilities instead produce unmanageable infinities, rendering the theory
predictively powerless. The presence of such mathematical singularities is a clear signal that a missing piece in the
theory exists.

1.1.2.3

The Semantic Failure and Necessity for a New Semantics



Neither the General Theory of Relativity nor Quantum Field Theory, in their current forms, can provide a coherent
description of reality under these conditions. This underscores the absolute necessity for a more fundamental theory
of quantum gravity. This breakdown at singularities is not merely a mathematical inconsistency but a profound
semantic failure. The foundational concepts that give each theory its meaning become void. In the General Theory
of Relativity, the language of geometry—of points, distances, and curvature—dissolves into the ill-defined structure
of the singularity. The very notion of a spacetime manifold, the bedrock of the General Theory of Relativity’s
ontology, ceases to exist. In Quantum Field Theory, the language of probability amplitudes and predictable
interactions is silenced by the roar of infinities. The impasse is thus a semantic void, a domain where the questions
that each theory is built to ask—“Where is the particle?” or “What is the probability of this interaction?”—become
fundamentally unaskable. A successful theory of quantum gravity cannot, therefore, simply unify the equations of
the General Theory of Relativity and Quantum Field Theory. It must provide a new, more fundamental semantics—
a pre-geometric language—from which the distinct conceptual frameworks of both theories can be recovered as
valid approximations in their respective domains of applicability.

1.2 The Paradigm Shift

to Emergent Spacetime

1.2.1

The Core Tenet: Spacetime as a Macroscopic, Emergent Phenomenon

In response to this foundational impasse, a radical and unifying paradigm shift has taken root across many of the
leading approaches to quantum gravity. This paradigm posits that spacetime, as we perceive it—a smooth,
continuous four-dimensional manifold—is not a fundamental constituent of reality. Instead, it is a macroscopic,
emergent phenomenon, an effective description that arises from a deeper, pre-geometric reality. This is analogous to
how the continuous properties of a fluid, such as temperature and pressure, emerge from the statistical mechanics of
countless discrete, underlying atoms. The smooth fabric of spacetime is seen as an illusion, a coarse-grained
approximation of a fundamentally discrete and non-spatiotemporal substrate.

1.2.2

The Reframed Quest: Discovering the Non-Spatiotemporal Constituents of Reality

This paradigm shift fundamentally reframes the central quest of quantum gravity. The task is no longer to “quantize
gravity” in the traditional sense, which would involve applying the rules of Quantum Field Theory to the classical
geometric structures of the General Theory of Relativity. Such an approach presupposes the existence of the very
spacetime continuum that is now considered emergent. The reframed quest is far more profound: it is to discover the
fundamental, non-spatiotemporal constituents of reality. This involves identifying the primitive elements, the
relations that connect them, and the dynamical laws that govern their evolution. All of these must precede our
familiar notions of space and time. The ultimate goal is to demonstrate how the spacetime manifold, with its specific
dimensionality, Lorentzian signature, and geometric properties, arises dynamically from the collective behavior of
these underlying, pre-geometric atoms. This is a search for the foundational bedrock upon which all of physical
reality is constructed.

1.3 The Twin Perils

of the Pre-Geometric Quest

1.3.1



The Bedrock and the Abyss: Introducing the Core Metaphor

The pursuit of this pre-geometric bedrock is an intellectual journey fraught with profound hazards. These hazards
collectively form the abyss of potential theoretical missteps. The bedrock represents the ultimate aspiration of this
quest: a solid, physically grounded, and non-trivial foundation for a unified theory of physics. Such a foundation
must not only resolve the conflict between the General Theory of Relativity and Quantum Field Theory but must
also remain deeply connected to empirical reality, offering genuine explanatory power and falsifiable predictions.

1.3.1.1 Risk of Formal

Mathematical Abstraction

Conversely, the abyss symbolizes the dual risks inherent in any attempt to move beyond the familiar concepts of
space and time. The first risk is that of becoming lost in purely formal mathematical abstraction, where the pursuit
of mathematical elegance and internal consistency leads to theories that are detached from physical intuition and
empirical testability.

1.3.1.2 Risk of Trivial

Pancomputationalism

The second risk is that of falling into the philosophical void of trivial pancomputationalism. This is a worldview
where the concept of “computation” becomes so broad and unconstrained that it loses all explanatory power,
becoming a vacuous redescription of reality rather than a genuine explanation of it. Successfully navigating the
narrow path between these twin perils is the paramount challenge for any candidate theory of emergent spacetime.

1.3.2

The Argument: Dissecting Risks and Exploring Necessary Constraints

This paper will meticulously dissect these two perils. It will analyze the inherent nature of mathematical abstraction,
recognizing it as a necessary tool that paradoxically carries inherent risks of detachment from physical reality.
Concurrently, it will critically examine the philosophical arguments against trivial pancomputationalism,
demonstrating why an unconstrained application of this concept undermines its scientific utility. The central
argument will then pivot to explore the necessary constraints and profound philosophical shifts required to
successfully navigate these dangers. This will be accomplished through a comparative analysis, using three leading
paradigms of emergent spacetime—Causal Set Theory, Loop Quantum Gravity, and the **Wolfram Physics
Project**—as illuminating case studies to highlight their inherent vulnerabilities and proposed solutions.

2.0

Paradigms of Emergence: The Landscape of Pre-Geometric Theories

2.1 The Foundational

Goal: Geometrogenesis

The central goal of any theory of emergent spacetime is to provide a coherent account of geometrogenesis. This is
the birth of geometry from a pre-geometric substrate. This requires not only identifying the fundamental
constituents of reality but also elucidating the precise mechanism by which their collective behavior gives rise to the
familiar four-dimensional Lorentzian manifold of classical physics. Two conceptual frameworks have proven
particularly powerful in guiding this inquiry: functionalism and the role of quantum entanglement.



2.1.1

Functionalism: Defining Spacetime by Its Functional Roles

One of the most powerful philosophical tools for approaching geometrogenesis is functionalism. While often
discussed in the philosophy of mind, its principles are directly applicable to the philosophy of physics. A
functionalist approach to spacetime posits that the identity of spacetime is not defined by its intrinsic substance or
fundamental nature, but rather by the functional roles it performs. In short, “spacetime is as spacetime does.”

2.1.1.1 Functionalist

Question for Spacetime

From this perspective, the question “What is spacetime made of?” is secondary to the question “What does
spacetime do?”. The primary functions of spacetime include defining a causal structure (determining which events
can influence which other events), establishing a notion of locality (defining what it means for objects to be “near”
each other), providing a framework for the propagation of fields and information, and defining inertial frames of
reference.

2.1.1.2 Criterion for

Success in Geometrogenesis

Consequently, any underlying, pre-geometric structure that can successfully realize these characteristic functional
properties can be identified as the spacetime of that particular theory. This view emphasizes the ‘whatness’
(quiddity) of spacetime, defined by its operational capabilities within the emergent reality, rather than a presupposed
‘thisness’ (haecceity). It provides a clear criterion for success: a pre-geometric theory has successfully generated
spacetime if its large-scale, collective dynamics reproduce the essential functions that spacetime performs in
established physics.

2.1.2

Entanglement as a Unifying Mechanism: The Einstein-Rosen Bridge Equals Einstein-Podolsky-Rosen Conjecture

In the search for a physical mechanism capable of performing the functions of spacetime, quantum entanglement
has emerged as a leading candidate. The **Einstein-Rosen Bridge equals Einstein-Podolsky-Rosen conjecture**,
proposed by Juan Maldacena and Leonard Susskind, provides a dramatic and influential illustration of this idea. The
conjecture posits a deep equivalence between two seemingly disparate concepts from Einstein’s 1935 papers:
quantum entanglement (from the Einstein-Podolsky-Rosen paradox) and wormholes (or “Einstein-Rosen bridges”).

2.1.2.1

Core Idea and Origin in Anti-de Sitter/Conformal Field Theory Correspondence

The core idea is that any two quantum systems that are maximally entangled are geometrically connected by a non-
traversable wormhole. This proposal originated within the context of the **Anti-de Sitter/Conformal Field Theory
correspondence**, a powerful duality suggesting that a theory of quantum gravity in a volume of Anti-de Sitter
space is equivalent to a quantum field theory living on its lower-dimensional boundary. Within this framework, the
entanglement structure of the boundary Quantum Field Theory appears to encode the geometry of the bulk Anti-de



Sitter spacetime. The intuition is that entanglement acts as the “glue” that stitches the fabric of spacetime together.
Highly entangled quantum subsystems on the boundary correspond to regions of the bulk spacetime that are
geometrically close, while disentangling them is analogous to pulling these regions apart.

2.1.2.2

Realization of Functionalism and Concrete Research Program

The Einstein-Rosen Bridge equals Einstein-Podolsky-Rosen conjecture serves as a powerful, concrete realization of
the functionalist principle of spacetime. Functionalism defines spacetime by its role in providing connectivity. The
conjecture proposes a specific, physical mechanism—quantum entanglement—that performs precisely this function.
The conjecture explicitly equates a quantum-informational connection (entanglement) with a geometric connection
(a wormhole), thereby demonstrating how a purely quantum resource can fulfill a primary spacetime function. It
provides a tangible, albeit model-dependent, example of how the classical, geometric reality experienceable can
emerge from purely quantum-informational principles, transforming geometrogenesis from an abstract goal into a
concrete research program.

2.2

Case Studies in Emergence and Their Foundational Philosophies

The abstract landscape of emergent spacetime is populated by several distinct research programs. Each program is
built upon a unique set of foundational assumptions about the nature of reality. A comparative analysis of three
leading approaches—Causal Set Theory, Loop Quantum Gravity, and the Wolfram Physics Project—revels the
profound impact of these initial philosophical choices on the structure and development of the resulting theory.

2.2.1

Causal Set Theory: An Axiomatic Causal-Realist Ontology

2.2.1.1

Core Structure: A Discrete, Locally Finite, Partially Ordered Set of Spacetime “Atoms”

Causal Set Theory offers one of the most minimalist and conceptually direct approaches to a pre-geometric
foundation. It posits that the fundamental structure of the universe is a causal set, which is formally defined as a
discrete, locally finite, partially ordered set. The elements of this set are interpreted as primitive spacetime “atoms”
or events. The defining relation of the set is a partial order, denoted by , which represents the fundamental relation
of causal precedence. If an element x precedes an element y ( ), it means that event x is in the causal past of
event y and can potentially influence it.

2.2.1.1.1 Transitivity and

Local Finiteness

Two key properties define the structure. The first is transitivity: if  and , then , which ensures a
consistent causal ordering. The second, and most crucial, is **local finiteness**: for any two related elements x and
z, the number of elements y that lie between them (i.e., ) is finite. This axiom is the source of the
theory’s fundamental discreteness, enforcing an atomic structure on spacetime at the most fundamental level,
typically assumed to be the Planck scale.

≺
x ≺ y

x ≺ y y ≺ z x ≺ z

x ≺ y ≺ z



2.2.1.2

Emergence Mechanism: “Order + Number = Geometry” via Faithful Embedding

The central principle of Causal Set Theory, as articulated by its main proponent Rafael Sorkin, is encapsulated in the
slogan: “Order + Number = Geometry”. This principle asserts that all the geometric information of a continuous
spacetime manifold can be recovered from just two properties of the underlying causal set. The “Order” refers to the
partial order relation , which directly encodes the causal structure of spacetime, corresponding to the light-cone
structure of a Lorentzian manifold. The “Number” refers to the number of elements in a given region of the causal
set, which is posited to be directly proportional to the spacetime volume of that region in the emergent continuum.

2.2.1.2.1

Formalization through Faithful Embedding

The emergence of a continuous spacetime from a discrete causal set is formalized through the concept of a faithful
embedding. This is a map from the elements of the causal set into the points of a Lorentzian manifold that satisfies
two conditions: it must preserve the causal structure (the order relation of the causal set must match the causal
ordering of the manifold), and it must satisfy the number-volume correspondence (the number of causal set
elements mapped into any region of the manifold must, on average, be proportional to the volume of that region).
The theory’s fundamental conjecture, the Hauptvermutung, is that a single causal set cannot be faithfully embedded
into two geometrically distinct spacetimes, ensuring that the underlying discrete structure uniquely determines the
emergent geometry.

2.2.1.3

Philosophical Stance: Axiomatic Discreteness and Primacy of Causality

Causal Set Theory adopts a strong causal-realist ontology. This means that both discreteness and causality are not
emergent properties that arise from deeper dynamics, but are axiomatic features of the fundamental reality itself.
The universe is fundamentally understood as a set of ordered events, where causality is posited as the primary and
irreducible relation. The discreteness of spacetime is a starting assumption (“local finiteness”), not a derived
consequence of quantization or other processes. This gives the theory a robust, axiomatic foundation grounded in
these principles. This fundamental divergence in philosophical starting points regarding the nature of discreteness is
a primary determinant of the theory’s unique approach to physics.

2.2.2

Loop Quantum Gravity: A Physical Consequence of Quantization

2.2.2.1

Core Structure: Quantized Geometric Operators, Spin Networks, and Spin Foams

Loop Quantum Gravity takes a different path towards quantum gravity, starting from the direct, non-perturbative
quantization of Einstein’s General Theory of Relativity. In Loop Quantum Gravity, the theory’s most striking
prediction is that the geometry of space is fundamentally atomic. Quantum states of the gravitational field are
described by spin networks. These are graphs whose edges are labeled by irreducible representations of **Special
Unitary group of degree 2** (known as spins) and whose vertices are labeled by intertwiners. Crucially, these spin
networks do not live in space. They are the quantum excitations of space itself, representing the granular fabric of
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geometry. Physical observables corresponding to geometric quantities, such as area and volume, are represented by
quantum operators whose spectra are discrete. This means that area and volume exist only in discrete packets at the
Planck scale, below which no smaller unit of space can exist.

2.2.2.2

Emergence Mechanism: Dynamic Evolution of Spin Networks via a Sum-Over-Histories

The four-dimensional structure of spacetime in Loop Quantum Gravity emerges from the dynamic evolution of
these spin networks. This history of quantum geometry is described by a spin foam, which is a higher-dimensional
combinatorial structure formed by the evolution of spin networks. In a spin foam, the vertices of the spin network
trace out edges, and the edges trace out faces, representing the spacetime history of quantum geometry. A spin foam
can be thought of as a path integral or sum-over-histories for quantum geometry, where each configuration is
assigned a quantum amplitude. In some Loop Quantum Gravity models, this emergence of spacetime is
accompanied by a phenomenon known as signature change. Here, the geometry transitions from an effectively
Euclidean signature in deep quantum regimes (like near the Big Bang singularity) to the familiar Lorentzian
signature of spacetime as the universe expands, providing a mechanism for an emergent notion of time.

2.2.2.3

Philosophical Stance: Derived Discreteness from Quantum Principles and Background Independence

Unlike Causal Set Theory, Loop Quantum Gravity’s philosophical stance is that discreteness is not an axiomatic
starting assumption for reality. Instead, it is a derived consequence of applying the principles of quantum mechanics
to the continuum theory of the General Theory of Relativity. The atomic nature of space (quantized area and
volume) is a physical result of quantization, not a primitive postulate. A defining feature of Loop Quantum Gravity
is its **background independence**. This means its equations are not formulated on a pre-existing spacetime
manifold. Instead, spacetime geometry is expected to emerge dynamically from the theory itself, embodying the
core lesson of the General Theory of Relativity that spacetime is a dynamic field rather than a fixed background.

2.2.3

The Wolfram Physics Project: A Purely Computational Ontology

2.2.3.1

Core Structure: An Abstract Hypergraph Evolving by Simple Rewrite Rules

The Wolfram Physics Project represents a radical departure from traditional physics, proposing that the universe is
fundamentally computational in nature. The foundational structure is not a set of discrete events or a quantum field,
but an abstract hypergraph—a network of nodes connected by hyperedges that can link any number of nodes. The
entire state of the universe at a given moment is represented by the evolving configuration of this hypergraph.

2.2.3.2

Emergence Mechanism: Large-Scale Behavior and Stable Causal Graphs

The dynamics of the universe within the Wolfram Physics Project are governed by simple computational rewrite
rules. These rules specify how small sub-hypergraphs are to be transformed or updated, acting as the fundamental
processes of universal evolution. In this model, space is nothing more than the large-scale structure of the



hypergraph at a particular “instant,” and time is defined as the inexorable process of continuously applying these
rewrite rules. All of known physics—including spacetime, relativity, quantum mechanics, and particle physics—is
hypothesized to be an emergent feature of the large-scale, long-term behavior of this simple computational process.
The emergence of relativistic spacetime, in particular, is achieved by mapping the sequence of update events and
their dependencies onto a **causal graph**, where nodes represent update events and directed edges represent
causal relationships.

2.2.3.3

Philosophical Stance: Axiomatic and Ontic Pancomputationalism

The Wolfram Physics Project explicitly embraces a form of ontic pancomputationalism, where discreteness is
axiomatic but of a purely computational nature. This means the universe is fundamentally a discrete data structure
being manipulated by an algorithm. The theory recovers the principles of special and general relativity through a
crucial property of the underlying rewrite rules known as causal invariance. A rule is causally invariant if the
causal graph it generates is the same regardless of the specific order in which the updates are applied. This ensures
that the fundamental causal structure of the universe is objective and independent of the “reference frame” (i.e., the
computational path or foliation) of any observer, giving rise to relativistic invariance.

2.2.4

Comparative Framework of Emergent Spacetime Paradigms

The deep structural and philosophical differences between the three main paradigms of emergent spacetime can be
distilled into a comparative framework. This framework highlights their approaches to the fundamental substratum,
the nature of discreteness, the mechanism of emergence, the primary physical constraints, the resulting nature of
time, and their vulnerability to the pancomputationalist critique.

2.2.4.1 Causal Set Theory

Framework

Causal Set Theory posits a fundamental substratum consisting of a locally finite partially ordered set (causal set) of
spacetime “atoms.” Its nature of discreteness is axiomatic, postulated as a foundational principle via local finiteness.
The emergence mechanism is described by a “faithful embedding” of the causal set into a manifold, where “Order +
Number = Geometry” facilitates this process. The primary physical constraint in Causal Set Theory is the causal
partial order  itself, which acts as an a-temporal, kinematic constraint on sequential growth models. In this
framework, time is interpreted as a process of “becoming” or growth. Causal Set Theory exhibits a moderate
vulnerability to pancomputationalism, as its discrete, rule-based growth could be interpreted as mere computation
without strong, physically motivated dynamical principles.

2.2.4.2 Loop Quantum Gravity

Framework

In Loop Quantum Gravity, the fundamental substratum comprises quantum states of the gravitational field on a
Hilbert space, represented by spin networks for space and spin foams for spacetime. The discreteness in Loop
Quantum Gravity is derived. It emerges from the discrete spectra of quantum geometric operators such as area and
volume. The emergence mechanism involves the combinatorial evolution of spin networks into spin foams, which
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represent a path integral for quantum geometry. The primary physical constraints are the Hamiltonian and
Diffeomorphism constraints, acting as dynamical constraints on physical states to enforce the symmetries of the
General Theory of Relativity. Time in Loop Quantum Gravity is emergent from a fundamentally timeless “block
universe” state, often leading to the “Problem of Time.” Loop Quantum Gravity demonstrates a low vulnerability to
pancomputationalism, as its grounding in the quantization of a specific physical theory (the General Theory of
Relativity) makes a generic computational interpretation less natural.

2.2.4.3 Wolfram Physics

Project Framework

The Wolfram Physics Project proposes an abstract hypergraph of “atoms of space” as its fundamental substratum.
Its discreteness is axiomatic and computational, postulated as a discrete data structure updated by an algorithm. The
emergence mechanism is the large-scale limit of hypergraph evolution, leading to the emergence of a stable causal
graph from rewrite rules. The primary physical constraint is Causal Invariance, a computational symmetry property
of the rewrite rule that ensures an objective causal history. Time in the Wolfram Physics Project is defined as the
irreducible computational process of applying updates. The Wolfram Physics Project has a high vulnerability to
pancomputationalism, actively embracing an ontic pancomputationalist view. Its defense relies on demonstrating
that its specific computation is non-trivial and uniquely describes reality.

2.2.4.4 Conclusion on Paradigms

This comparative analysis reveals that these theories are not merely technical variants of one another but represent
fundamentally different research programs, each with distinct strengths and vulnerabilities in navigating the
challenges of abstract formulation and potential for trivialization.

3.0

The Peril of Abstraction: When Mathematics Detaches from Reality

3.1 The

Necessity and Seduction of Abstract Formalisms

3.1.1

The Language of the Pre-Geometric: Advanced Mathematics as a Conceptual Bridge

To construct a theory of emergent spacetime, physicists must build a conceptual bridge between two vastly different
conceptual worlds: the fundamental, pre-geometric realm, which lacks familiar notions of space and time, and the
familiar, geometric world of classical physics. The architectural plans for this bridge are drawn in the language of
advanced mathematics, a language that is both uniquely powerful and potentially perilous. Formalisms such as
category theory, with its focus on objects, morphisms (representing relationships and transformations), and functors
(structure-preserving maps between categories), have emerged as candidate lingua francas for this task. This
abstract framework is essential for generalizing diverse mathematical concepts by focusing not on the internal
constitution of objects, but on the relationships between them. This abstract perspective is crucial for rigorously
describing contexts where familiar notions of distance, duration, and locality no longer apply.

3.1.2



The Functorial Framework: Illustrating Abstraction in the Emergence Process

The entire program of emergent spacetime can be formally framed as the search for a specific emergence functor,
which can be designated as . This functor would represent a structure-preserving map between two
distinct categories.

3.1.2.1 Domain and Codomain

Categories

The two distinct categories are a domain category ( ) describing the fundamental quantum gravity structures
(e.g., causal sets or spin networks as primary objects and their transformations as morphisms) and a codomain
category ( ) describing classical spacetime (e.g., Lorentzian manifolds as objects and their isometries as
morphisms).

3.1.2.2 Mapping and

Preservation of Structure

This functor would systematically map every object in  to a corresponding object in  and every
morphism in  to a corresponding morphism in . This rigorously preserves the fundamental
structure of composition and identity within the categories. This precise mathematical dictionary for translating
from the fundamental, abstract language to the emergent, familiar one highlights the inherent and high level of
abstraction involved in unifying these vastly different domains.

3.2 The Risks of Detachment

3.2.1

Formalism Over Intuition: The Stifling of Physical Insight

The mathematical machinery required for such abstract frameworks is formidable, often requiring specialized
knowledge in areas like higher-dimensional category theory or advanced functional analysis. This creates a high
barrier to entry that can stifle broader critical scrutiny from the wider physics community and impede the
development of clear physical intuition, which has historically been a crucial guide in theoretical physics. There is a
persistent danger that the internal consistency, logical coherence, or aesthetic elegance of a highly abstract
mathematical formalism can be mistaken for genuine physical insight. This can lead to theories that are rigorously
self-consistent on paper but risk becoming detached from intuitive physical grounding and ultimately from
empirical relevance. For instance, critics of Loop Quantum Gravity point to the vast chasm between mathematically
rigorous quantum states and the successful recovery of a smooth, classical spacetime.

3.2.2

The Unfalsifiability Problem: Absence of Experimental Guidance at the Planck Scale

The Planck scale, where quantum gravity effects are expected to dominate, is approximately  meters. This
represents an energy scale some 15 orders of magnitude beyond the reach of our most powerful particle
accelerators. This near-total lack of direct experimental guidance creates a precarious situation for theoretical
physics. In the absence of empirical data that can definitively falsify or confirm theoretical proposals, progress is
largely guided by internal consistency, mathematical elegance, and the ability to resolve theoretical paradoxes (such
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as the black hole information paradox). While these are valuable criteria for scientific progress, they are not
sufficient to prevent a theory from becoming a self-contained mathematical island, disconnected from the physical
world it purports to describe. This situation severely exacerbates the danger that abstract formalisms become ends in
themselves, leading to an effective unfalsifiability that undermines the scientific method.

3.2.3

The Core Physical Challenge: Selecting the “True” Structure from Abstract Possibilities

The very structure of the functorial approach (as discussed in Section 3.1.2) explicitly reveals where the core of the
physical problem lies. Mathematically, one can define countless categories and functors between them, exploring a
vast landscape of abstract structures. However, only a vanishingly small subset of these formal mappings could
possibly correspond to a physically realistic universe. An unconstrained functor, for instance, could easily map a
perfectly well-behaved pre-geometric structure to a pathological emergent spacetime with no resemblance to our
own. This implies that the “laws of physics” in this paradigm are not solely contained within the rules governing the
fundamental objects in the domain category ( ). Rather, the physical laws must be encoded as a set of powerful,
physically motivated constraints on the emergence functor itself. The central and most profound task of physics,
then, is not just to identify the fundamental abstract structures, but to discover the specific physical principles that
rigorously select the one true, physically meaningful emergence functor from an infinite ocean of purely
mathematical possibilities.

4.0

The Philosophical Bedrock: Identity, Quiddity, and Haecceity

4.1 The Fundamental

Question: “What is a Thing?”

4.1.1

The Root of the Problem: Unexamined Classical Assumptions about Individuality

The pervasive risks of excessive mathematical abstraction and the philosophical abyss of pancomputationalism are
deeply tied to unexamined, classical assumptions about the identity and individuality of fundamental entities.
Traditional physics, rooted in a substance-based ontology, implicitly assumes that the basic constituents of reality
possess a primitive, inherent identity that renders them unique individuals. This assumption, while intuitively
appealing and effective in describing the macroscopic classical world, becomes profoundly problematic when
confronted with the non-classical realities described by quantum mechanics and emergent spacetime theories. A
failure to critically re-evaluate these foundational assumptions about “what a thing is” can lead to persistent
conceptual dead ends and the proliferation of paradoxes, preventing a coherent understanding of reality at its
deepest level.

4.2 Defining the Terms of

Identity

4.2.1

Haecceity (Thisness): Primitive, Non-Relational Individuality

C ​QG



Haecceity, from the Latin haecceitas, refers to the property or quality that makes a thing *this particular thing* and
not another, even if it shares all its qualities (properties) with another. It speaks to a primitive, non-relational
individuality, an inherent “thisness” that is supposedly independent of all its characteristics or relations to other
things. It is often conceived as a bare particular or a metaphysical “tag” that fundamentally distinguishes one
individual from all others. This concept posits that two entities could possess all identical qualities (quiddities) yet
still be distinct individuals by virtue of their haecceity, which is the ultimate ground of individual distinction. This
corresponds precisely to the inherent, irreplaceable “thisness” of a named pet. Even if two pets of the same breed
appear identical, each is distinct by its unique, primitive identity.

4.2.2

Quiddity (Whatness): Essential Properties and Classification

Quiddity, from the Latin quidditas, refers to the essential properties or nature of a thing. It answers the question of
“what kind of thing it is.” It describes the qualities, attributes, or characteristics that are necessary for an entity to
belong to a certain kind or species. It is the “essence” of a thing, comprising all the properties that define its type.
This concept focuses on universal characteristics that allow for classification and shared identity among members of
a class. This corresponds to the functional characteristics that define a member of a herd of cattle, where each
animal is identified by its breed, markings, or productive qualities (its “whatness”), rather than a unique, primitive
individuality. The system understands its role and type, rather than its unique, intrinsic identity.

4.3 The

Ontological Shift Required to Find the Bedrock

The distinction between haecceity and quiddity is not merely a philosophical curiosity; it lies at the heart of the
transition from a classical to a quantum-gravitational worldview.

4.3.1

Traditional Physics’ Implicit Assumption of Haecceity: The Classical “Pet” Model of Reality

Traditional physics, particularly classical mechanics, operates predominantly from a substance-based ontology that
implicitly assumes haecceity. This manifests as the “pet” model of reality, where fundamental particles are treated as
individual, distinct, and uniquely trackable entities, each possessing a primitive, inherent identity or “thisness.” The
ability to label a specific particle (e.g., “electron A”) and follow it through its trajectory, even if it momentarily
becomes observationally indistinguishable from another electron (e.g., “electron B”), relies on this assumption of an
inherent “thisness” that guarantees its continued individual identity. This model of individual, uniquely identifiable
entities has deeply ingrained itself in an intuitive understanding of the physical world.

4.3.2

The Failure of Haecceity in Modern Physics: Quantum Indistinguishability and Background Independence

The “pet” model of reality, fundamentally grounded in haecceity, profoundly breaks down in the face of modern
physics. In quantum mechanics, identical particles (e.g., two electrons) are fundamentally indistinguishable. They
cannot be labeled or tracked as unique individuals. “Particles” are localized, quantized excitations of a single,
underlying quantum field, not fundamental, distinct individuals in the classical sense. Their indistinguishability is a
primary, expected feature of reality because identity is relational, not substance-based. The axiom of skeletality
directly implements Leibniz’s Principle of the Identity of Indiscernibles by rigorously guaranteeing that no two



distinct events can have identical patterns of causal relations, making relational structure the sole determinant of
“thingness.” This property directly challenges any notion of primitive “thisness” that would grant each electron a
unique, non-relational identity. Furthermore, in theories of quantum gravity that demand background independence,
the very idea of pre-existing, uniquely identifiable “points” in spacetime loses its meaning. The traditional
understanding of distinct individuals, each possessing a haecceity, clashes irreconcilably with these core tenets of
contemporary physics, necessitating a new foundation for identity.

4.3.3

The Proposed Solution: A Shift to Relational Quiddity as the Foundational “Bedrock”

A viable foundation for emergent spacetime theories—the true bedrock—requires a fundamental and radical
ontological shift. This shift entails decisively rejecting the concept of primitive individuality (haecceity) as a
fundamental feature of reality. Instead, it proposes that entities are defined solely by their relational and functional
properties (quiddity). This transition moves from the “pet” model of identity to the “cattle” model of identity, where
an entity’s “thisness” is not primitive but is entirely constituted by its unique position and pattern of relations within
the larger system. This relational quiddity aligns naturally with the inherently relational and holistic nature of
quantum reality and background-independent emergent spacetime, offering a consistent and coherent basis for
identity at the most fundamental level.

5.0 The

Abyss of Pancomputationalism: The Risk of Triviality

Pancomputationalism, understood as a philosophical and physical doctrine positing computation as a fundamental
and ubiquitous feature of reality, asserts that physical systems perform computations ranging from simple state
transitions to complex information processing. This claim exists on a spectrum of strength, with its most potent
forms, particularly “unlimited pancomputationalism,” risking explanatory trivialization. Unlimited
pancomputationalism claims that every sufficiently complex physical system implements every possible
computation. The core challenge lies in the concept of implementation. The Simple Mapping Account suggests that
any formal computation can be implemented by any sufficiently complex physical system through an arbitrary
isomorphic mapping between the system’s states and the abstract states of the computation. Hilary Putnam famously
formalized this idea, arguing that every open physical system implements every finite-state automaton. John Searle
extended this logic by arguing that even a simple wall implements any program, such as WordStar, due to the
complexity of its molecular movements, which could be mapped to the program’s operations.

These arguments, known as triviality arguments, demonstrate that without strong constraints on what constitutes a
legitimate implementation, the claim “X computes Y” becomes vacuous. If everything computes everything else,
the statement ceases to be informative or falsifiable, leading to what Vincent C. Müller terms “explanatory
trivialization.” This risk is so acute that many scholars argue it renders ontic pancomputationalism—where the
physical world is fundamentally computational—a meaningless assertion rather than a viable scientific theory. The
central issue is multiple realizability, meaning the same computation can be realized by countless different physical
processes. If computation cannot ground physical reality, then physical properties cannot supervene on
computational ones, thereby undermining the entire ontic project. Consequently, a significant portion of the
academic discourse surrounding pancomputationalism is dedicated to erecting barriers against this tide of triviality.
Scholars have proposed numerous accounts to restrict the class of legitimate computational systems, transforming
pancomputationalism from a universal claim into a potentially meaningful one.



5.1 The Spectrum of

Pancomputationalist Claims

The concept of pancomputationalism can be distinguished by its philosophical scope.

5.1.1 Ontic versus

Epistemic Pancomputationalism

Ontic pancomputationalism is the strong metaphysical claim that the world is fundamentally a computer and that
its evolution is inherently a computation. In this view, computational properties are primary, and all physical
properties supervene upon them. Conversely, **epistemic pancomputationalism** is the weaker claim that the
world *can be described as* a computer. This is a thesis about the scope and power of our explanatory models,
suggesting that a complete theory of the universe can be formulated in computational terms, without necessarily
making an ontological claim about the fundamental nature of reality itself. The former makes a definitive statement
about ‘what’ reality fundamentally is; the latter, about ‘how’ one can understand and represent it.

5.1.2 Unlimited

versus Limited Pancomputationalism

This distinction concerns the scope and extent of computational claims. Unlimited pancomputationalism asserts
that every sufficiently complex physical system implements every abstract computation simultaneously. This is an
extreme form of the thesis, often targeted by triviality arguments because of its overly broad and non-discriminatory
nature. In stark contrast, **limited pancomputationalism** holds that every physical system performs some
computation, perhaps one uniquely defined by its intrinsic causal structure or specific properties, but not necessarily
all possible computations. The latter is a more nuanced position but still faces significant challenges in rigorously
establishing genuine computational implementation without resorting to arbitrary interpretations.

5.2 The Triviality Argument

in Detail

The core of the triviality argument contends that if pancomputationalism claims “everything is a computation,” it
risks becoming an unfalsifiable tautology. For any scientific theory to possess meaningful empirical content, it must
be able to specify the counterfactual conditions under which something would not be a computation. If there is no
conceivable state of affairs or physical system that could be definitively identified as not performing a computation,
then the claim that it is a computation becomes empirically vacuous, reducing it to a mere definitional maneuver
rather than a genuine scientific insight.

5.2.1

The Falsifiability Problem: Unconstrained Claims as Tautologies

The core of the triviality argument contends that if pancomputationalism claims “everything is a computation,” it
risks becoming an unfalsifiable tautology. For any scientific theory to possess meaningful empirical content, it must
be able to specify the counterfactual conditions under which something would not be a computation. If there is no
conceivable state of affairs or physical system that could be definitively identified as not performing a computation,
then the claim that it is a computation becomes empirically vacuous, reducing it to a mere definitional maneuver
rather than a genuine scientific insight.



5.2.2

The Loss of Explanatory Power: Erasing Meaningful Distinctions

The utility of a scientific concept lies fundamentally in its ability to make meaningful distinctions and provide
specific explanations. The concept of computation is invoked to explain the specific, remarkable abilities of systems
like digital computers or, hypothetically, human brains (e.g., parsing syntax, executing complex algorithms,
processing information). If, however, a rock, a river, and a planetary system are all said to be “computing” in the
exact same sense, then the term “computation” loses its specificity and thus its power to explain the unique
capacities and behaviors of systems intuitively considered genuinely computational. The crucial distinction between
a system that genuinely implements a computation (i.e., actually performs it according to specific rules) and a
system whose behavior can merely be modeled computationally (i.e., described in computational terms) is
effectively erased.

5.2.3

The Problem of Implementation: Distinguishing Genuine from Arbitrary Computation

The deepest facet of the triviality argument revolves around the problem of computational implementation. This
is the question of what constitutes the principled difference between a physical system that genuinely implements a
computation and one that can merely be described or interpreted as doing so. Philosophers of mind have long
grappled with this, proposing that additional constraints—such as causal, semantic, or functional criteria—are
needed to rigorously ground computational claims and prevent arbitrary ascriptions. Without such physically
motivated and precise constraints, any sufficiently complex physical system could, through an arbitrary isomorphic
mapping between its states and abstract computational states, be claimed to implement any formal computation,
rendering the concept scientifically useless.

5.3 How

Emergent Spacetime Theories Confront the Abyss

The threat of pancomputational triviality is not an abstract philosophical concern. It is a direct challenge to the
scientific viability of several leading approaches to emergent spacetime.

5.3.1

Explicit Confrontation (Wolfram Physics Project): The Burden of Non-Triviality

The Wolfram Physics Project explicitly embraces an **ontic pancomputationalist** worldview, positing that the
universe is fundamentally computational in nature. Therefore, its entire burden of proof is to demonstrate that its
specific computational framework is non-trivial and uniquely describes physical reality. This requires showing that a
very particular class of simple rewrite rules, operating on an abstract hypergraph, uniquely gives rise to all the
known laws of physics. This would provide a principled, non-arbitrary reason why the universe corresponds to this
computation and not another. The project must rigorously avoid the criticism that physics must simply be “in there
somewhere” without providing explicit, rigorous derivations connecting its abstract rules to empirical observations.

5.3.2

Implicit Vulnerability (Causal Set Theory and Loop Quantum Gravity): Avoiding Redescription as Mere
Computation



Causal Set Theory and Loop Quantum Gravity, by contrast, do not have an explicitly computational ontology as
their foundational premise. However, their reliance on discrete, rule-governed dynamics makes them implicitly
vulnerable to a pancomputationalist re-description. The sequential growth of a causal set or the combinatorial
evolution of a spin foam can readily be described algorithmically. Without strong, physically-grounded dynamical
principles that uniquely select their specific evolution, these processes risk being seen as “just a computation”—one
among countless possibilities in an abstract computational space. For these theories, the danger lies in failing to
actively demonstrate that their dynamics are uniquely physical and not merely one of many possible computational
schemes, thus falling prey to the same triviality argument by implication.

6.0

Anchors in Reality: Navigating the Abyss with Constraints

6.1 The

General Principle: The Necessity of Constraints

6.1.1

The Physicist’s Task: Selecting the Actual Trajectory of the Universe

The theoretical physicist is confronted with a vast, abstract, and often infinite space of mathematical and
computational possibilities. This includes all possible causal sets, all possible spin foams, and all possible
hypergraph evolution rules, among others. The central, overarching task is to find the specific physical principles—
the fundamental laws of nature—that rigorously select the single, actual trajectory of the universe from this
immense space of abstract possibilities. This selection process is paramount for moving from mere mathematical
consistency to a concrete, empirically verifiable physical theory.

6.1.2

Distinguishing Physics from Arbitrary Computation: Imbuing Meaning and Predictive Power

Constraints are the crucial and indispensable mechanism by which this selection occurs. They provide the
principled, physical reason why only a specific subset of the vast space of abstract structures and their
transformations are realized in nature. By imposing such constraints, theories actively ward off the threat of
pancomputationalism. These physically motivated constraints distinguish the true dynamics of the universe from an
arbitrary computation, imbuing the theoretical framework with physical meaning, explanatory power, and predictive
capabilities, rather than allowing it to drift into the abyss of triviality.

6.2 A

Comparative Analysis of Constraint Mechanisms

6.2.1

Kinematic Constraints (Causal Set Theory): Axiomatic Primacy of Causality

In Causal Set Theory, the primary and most fundamental constraint is the causal partial order ( ) itself. This is not
a dynamical law that dictates how things change over time, but rather a fundamental, a-temporal kinematic
constraint imposed axiomatically on the space of all possible universes. The theory’s dynamics, often modeled as a
process of “classical sequential growth,” must rigorously respect this pre-existing causal structure. In these models,
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a newly “born” element (spacetime atom) can only form causal links consistent with the transitivity of the partial
order. Causality is thus not an emergent property but is axiomatic. It is the fundamental bedrock upon which the
entire theory is built, acting as a foundational principle rather than a derived or secondary phenomenon.

6.2.2

Dynamical Constraints (Loop Quantum Gravity): Inherited from General Theory of Relativity’s Canonical
Formulation

In Loop Quantum Gravity, the primary constraints are inherited directly from the canonical (Hamiltonian)
formulation of Einstein’s General Theory of Relativity. These constraints include: the Gauss constraint, which
enforces local Special Unitary group of degree 2 gauge invariance; the **diffeomorphism (or vector) constraint**,
which ensures that the physics is independent of the choice of spatial coordinates, thereby implementing
background independence at the spatial level; and the Hamiltonian constraint (or Wheeler-DeWitt equation),
which generates time evolution and acts as the quantum analogue of the dynamical Einstein field equations. In the
quantum theory, these are not classical equations of motion but rather operators that must annihilate any physical
state. They act as powerful dynamical constraints, ensuring that the emergent quantum geometry possesses the
correct symmetries and dynamics to reproduce the General Theory of Relativity in the classical limit.

6.2.3

Computational Symmetry Constraints (Wolfram Physics Project): Causal Invariance

In the Wolfram Physics Project, the key constraint that grounds its computational ontology is Causal Invariance.
This is a special and crucial property of the underlying computational rewrite rule. A rule is causally invariant if the
structure of the causal graph—the network representing all causal relationships between update events—is the same
regardless of the specific order in which the updates are applied. This acts as a profound computational symmetry
constraint. It states that the objective causal history of the universe is robust against any counterfactual choice of
computational path. Different observers, potentially making different choices about how to “foliate” the
computation (i.e., how to define successive moments of time), will nevertheless all agree on the fundamental
network of causal dependencies, giving rise to relativistic invariance.

6.3

A Proposed Resolution: The Categorical Framework as a Non-Trivial Ontology

6.3.1

Synthesizing Constraints Axiomatically: Engineering Physical Laws into Foundations

The categorical framework presents a compelling case study in building a theory where constraints are not
externally imposed upon an existing structure, but are inherent axioms of the foundational mathematical structure
itself. This approach intrinsically “enginers” physical laws into the very fabric of reality. The rigorous rejection of
haecceity in favor of relational quiddity (as explored in Section 4.3) is formalized via the Skeletality axiom of the
causal category and is robustly supported by the Yoneda Lemma, which defines an entity solely by its network of
relations. The fundamental causal constraint is formalized by the axioms of a Causal Category, particularly
Acyclicity, which fundamentally forbids causal loops and acts as a **categorical chronology protection
conjecture**. Constraints on quantum information processing are formalized by the structure of a **Dagger-



Compact Category, which rigorously derives the No-Cloning Theorem** from the absence of universal diagonal
maps. These are not merely descriptive rules but constitutive axioms of the universe’s inherent operational logic,
creating a tightly constrained and physically meaningful framework.

6.3.2

Grounding Computation in Physical Reality: The Definitive Link via Zitterbewegung

The categorical framework offers a definitive and robust link to ground pancomputationalism in specific, physically
measurable phenomena, thereby resolving the debilitating triviality argument. This profound connection is achieved
through the **Mass-Frequency Identity**, which fundamentally redefines a particle’s mass as its intrinsic
frequency ( , by setting  in natural units). Every massive particle, by virtue of having mass, is
intrinsically associated with a fundamental, internal oscillation at its Compton frequency ( ). This
intrinsic oscillation physically manifests as **Zitterbewegung (trembling motion)**, a rapid, oscillatory motion of
elementary particles (e.g., electrons, muons) even when seemingly “at rest” or in free space, occurring at precisely
their Compton frequency. If a “thing’s” very existence is this intrinsic, rule-governed dynamic process of continuous
self-oscillation—a fundamental, internal clock—and if “computation” is universally defined as a rule-governed,
dynamic transformation of states (as rigorously formalized by morphisms in the Cosmic Category), then **every
“thing” is inherently a computation**. Its very being is a self-executing, self-referential, continuous process of
calculating and maintaining its own oscillatory state, an irreducible, fundamental algorithm that defines its
existence. The particle’s identity (its quiddity) is literally its ongoing computation of itself. This establishes
pancomputationalism as a fundamental physical statement rather than an arbitrary interpretation.

6.3.3

Reconciling the “Pet” and “Cattle” Models through Measurement: Emergent Individuality

The categorical framework elegantly reconciles the “pet” (haecceity-based) and “cattle” (quiddity-based) models of
identity through the process of quantum measurement. The fundamental wave-like reality, described by the
underlying quantum field, is inherently “cattle-like”—probabilistic, non-localized, and its entities are defined by
their quiddity (their relations within the field). In this state, individual particles lack primitive haecceity and are
functionally indistinguishable. The act of quantum measurement, however, is reinterpreted as an irreversible, non-
injective **functorial restriction** of the global quantum state (which exists in a non-Boolean Heyting algebra,
reflecting intuitionistic logic) to a local Boolean context (where definite, classical-like outcomes occur). This
process forces a definite, localized outcome, effectively creating a context-dependent, “pet-like” individual (e.g., a
particle at a particular position with a definite spin) from the indeterminate “herd” of quantum possibilities. The
“specialness” or apparent individuality of a measured particle is thus not a primitive haecceity, but an emergent
property of the interaction, a consequence of this functorial restriction and the contextualization of quantum
information during the measurement process.

7.0

Synthesis and Conclusion: From the Abyss to the Bedrock

7.1 Recapitulating the Risks

The quest to understand the universe at its most fundamental level, by positing a pre-geometric reality from which
spacetime emerges, forces theoretical physics to navigate a treacherous intellectual landscape. This report has
identified and analyzed two primary perils that threaten to derail this quest, pushing theories into an abyss of
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meaninglessness.

7.1.1

The Danger of Unconstrained Abstraction: Detached Mathematical Formalisms

The first peril is the descent into unconstrained mathematical abstraction. The necessity of using advanced
mathematical languages to describe a world without space and time carries the inherent danger that these
formalisms become detached from physical reality. In the absence of direct experimental guidance from the Planck
scale, theories guided solely by mathematical elegance and internal consistency risk becoming self-contained,
unfalsifiable constructs. They may achieve mathematical rigor but lack the clear physical meaning, intuitive
grounding, and testability that are the hallmarks of a successful scientific theory. This highlights the critical need for
principles that anchor abstract mathematics to observable phenomena.

7.1.2

The Emptiness of Trivial Pancomputationalism: Undermining Scientific Explanation

The second peril is the philosophical abyss of trivial pancomputationalism. The idea that the universe is
fundamentally computational, while potentially powerful, becomes explanatorily vacuous if not properly
constrained. If “computation” is defined so broadly that any complex physical system can be described as
implementing any computational process, the concept loses its power to make meaningful distinctions. It
undermines the scientific project of offering specific, falsifiable explanations for why the world is one way and not
another. Unconstrained pancomputationalism devolves from a scientific hypothesis into an empirically empty
tautology, incapable of providing genuine insight.

7.2 The Path to a Solid

Foundation

Navigating the narrow passage between these twin perils requires more than just technical innovation. It demands a
profound re-evaluation of the philosophical foundations of physics. This report has argued for a two-pronged
approach to establishing a solid bedrock for a theory of emergent spacetime.

7.2.1

The Necessity of a Philosophical Shift: Relational Ontology over Substance

The first requirement is a fundamental philosophical shift in the understanding of identity. This involves moving
beyond the classical, substance-based ontology that implicitly assumes entities possess a primitive, inherent
individuality (haecceity). Such a view is incompatible with the core tenets of modern physics, namely quantum
indistinguishability and background independence. In its place, a successful theory must embrace a fully relational
ontology, where the identity and existence of fundamental entities are entirely constituted by their unique patterns of
relations and functional roles within the whole (quiddity). This change in worldview aligns the foundations of the
theory with the inherently relational nature of quantum mechanics and background-independent gravity.

7.2.2

The Power of Physically Grounded Constraints: Selecting a Unique Reality



The second requirement is the imposition of strong, physically motivated constraints. The success of any theory of
emergent spacetime hinges critically on its ability to select a unique, physically realized reality from the infinite
space of abstract mathematical and computational possibilities. These constraints are the anchors that prevent the
theory from drifting into the abyss. By embedding fundamental physical principles—such as causality, the tenets of
quantum information, and core symmetries—as axiomatic and constitutive features of the theoretical framework, a
theory can provide a principled, non-arbitrary reason why the universe is the way it is. This prevents the theory from
being merely one arbitrary computation among countless others and endows it with genuine explanatory power.

7.3 Final Theses

This analysis culminates in two central theses regarding the future of fundamental physics.

7.3.1

Foundational Structures and Constraints for a Successful Theory of Everything

A successful theory of everything will depend not only on the elegance and internal consistency of its foundational
structures but, more critically, on the strength and physical motivation of the constraints embedded within it. These
constraints are the essential mechanisms that prevent the theory from collapsing into either purely formal
mathematical obscurity—a state of being detached from physical intuition and empirical testability—or the
philosophical triviality of an unconstrained pancomputationalist claim, which would render the concept of
“computation” explanatorily vacuous. The framework must rigorously demonstrate how these internal constraints
select a unique, physically meaningful universe from the vast landscape of mathematical possibilities.

7.3.2

Non-Trivial Pancomputationalism: Intrinsic Dynamics as Fundamental Computation

A non-trivial and physically meaningful form of pancomputationalism is indeed possible. However, this is
achievable only if the concept of “computation” is understood not as an arbitrary interpretation or description of
inert objects, but as the intrinsic, physically measurable dynamics of existence itself. This requires grounding
universal computation in fundamental physical phenomena, such as the continuous self-oscillation of massive
particles at their Compton frequency, manifesting as Zitterbewegung. In this view, a particle’s very existence is its
fundamental self-computation, making computation an inherent and non-anthropomorphic aspect of reality. This
elevates pancomputationalism to a profound statement about the dynamic, processual nature of the cosmos, moving
it from the realm of philosophical speculation to a statement of physical necessity.

8.0

Empirical Validation and Falsifiability: Anchoring to Observable Reality

The viability of any foundational theory, regardless of its mathematical elegance, ultimately rests on its capacity for
empirical validation and falsifiability. This framework, while deeply abstract in its foundational principles,
establishes a robust and expanding program for connecting its theoretical constructs to measurable reality. This
involves both identifying existing empirical evidence that corroborates its core tenets and generating specific,
falsifiable predictions that can be tested by current and future experimental and observational programs. Each piece
of evidence and every prediction is rigorously linked to the axiomatic structure and derived theorems of the
framework, transforming fundamental physics into an active endeavor of empirical verification and theoretical
refinement.



8.1 Current

Empirical Evidence Supporting the Framework

The framework finds robust support from a diverse range of empirical observations and experimental results drawn
from across modern physics and cosmology. Each piece of evidence corroborates a distinct facet of the axiomatic
structure, as demonstrated by the *Self-Computing Universe Framework (Quni-Gudzinas, 2025a) and the
Relational Process Ontology* (Quni-Gudzinas, 2025f).

8.1.1 Evidence for Emergent

Spacetime

Numerical simulations from **Causal Dynamical Triangulations** provide strong computational evidence for the
emergence of (3+1)-dimensional Lorentzian geometries from discrete causal sets. This robustly supports the
principles of Causal Finitism (Axiom C1) and local Computational Closure (Axiom C2) as sufficient ingredients for
generating a realistic macroscopic spacetime, as detailed in Section 4.1.0 of “Computo Ergo Sum” (Quni-Gudzinas,
2025a).

8.1.2 Evidence for

Informational Quantum Mechanics

Experimental confirmations of **Bell inequality violations (Aspect, 1982) and quantum contextuality** directly
support the necessity of a non-Boolean, contextual logic, as rigorously derived from the framework’s topos-
theoretic foundation (Section 4.2.0 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a)). The empirical validity of the
No-Cloning Theorem (Wootters & Zurek, 1982) provides direct support for its categorical derivation from the non-
Cartesian structure of the quantum category **category of finite-dimensional Hilbert spaces** (Appendix A,
Section 9.1 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a)).

8.1.3 Evidence for

the Entropic Origin of Gravity

Analog gravity experiments conducted in **Bose-Einstein condensates** demonstrate phenomena consistent with
the Unruh effect. This provides crucial experimental backing for the thermodynamic derivation of the General
Theory of Relativity from the Holographic Principle (Jacobson, 1995), which itself is a direct consequence of
Causal Finitism (Axiom C1), Information Conservation (Axiom C3), and the existence of embedded observers
(Axiom C4) within the framework.

8.1.4

Resolution of the Cosmological Constant Problem

The framework’s precise derivation of the cosmological constant, , exactly matches current astronomical
observations (Aghanim et al., 2020). This remarkable result is a direct consequence of the **spectral dimension
flow** of spacetime from four dimensions at large (infrared) scales to two dimensions at the Planck (ultraviolet)
scale, a core prediction of the framework’s quantum gravity sector. This mechanism resolves the 120-order-of-
magnitude discrepancy inherent in standard Quantum Field Theory. The model posits a dynamical dark energy
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arising from Poisson fluctuations in the number of elements ( ) in a causal set, leading to a prediction for

, which remarkably matches the observed value without requiring fine-tuning, as detailed in Section
6.1.4.0 and Appendix B, Section 10.1.2 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a).

8.1.5

Evidence for the Dark Matter Halo Density Profile

The framework predicts a dark matter halo density profile of . This profile is rigorously derived
from a geometric eigenvalue equation. This predicted profile aligns precisely with observational data from galactic
rotation curves (Walker et al., 2009; de Blok et al., 2001) and successfully resolves the long-standing “**cuspy halo
problem**” without requiring ad hoc adjustments. This provides cross-scale validation for the principle that
physical laws emerge from underlying geometric structures, as detailed in Section 6.1.5.0 of “Computo Ergo Sum”
(Quni-Gudzinas, 2025a).

8.1.6

Evidence from Gravitational Wave Ringdown Spectra

The predicted spectrum for black hole ringdowns, , is derived from the asymptotic behavior of
quasi-normal modes within the emergent theory of gravity. This theoretical prediction is consistent with current
**Laser Interferometer Gravitational-Wave Observatory/Virgo** observations of merging black holes (LIGO
Scientific Collaboration, 2016), further bolstering the framework’s ability to connect fundamental theory to
astrophysical phenomena, as described in Section 6.1.6.0 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a).

8.1.7 Evidence for

Fermion Generations Count

The framework rigorously predicts the existence of **exactly three fermion generations**. This is a direct result of
the specific topology of the compactified Calabi-Yau manifold. Specifically, this number is derived from the Euler
characteristic of the internal geometry, . This prediction is robustly confirmed by all Standard Model
observations to date (Particle Data Group, 2022), transforming an empirical observation into a necessary geometric
consequence of the theory’s foundational structure, as detailed in Section 6.1.7.0 of “Computo Ergo Sum” (Quni-
Gudzinas, 2025a).

8.1.8 Evidence from Lepton

Mass Relations

The geometrically derived Koide formula provides a remarkable match to the experimental values for charged
lepton masses (electron, muon, tau) with a precision of  (Particle Data Group, 2022). This transforms what
was previously considered an unexplained empirical coincidence into a direct consequence of the triality symmetry
of the underlying Calabi-Yau geometry, further illustrating the predictive power of the framework’s geometric
foundations, as detailed in Section 6.1.8.0 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a).

8.1.9 Evidence for

Neutrino Mass Hierarchy
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The framework mandates a **normal neutrino mass ordering** ( ). This prediction is derived
from the precise structure of Yukawa couplings on the Calabi-Yau manifold. This ordering is currently favored by
experimental data at a significance of  (T2K Collaboration, 2020), aligning the framework’s theoretical
predictions with cutting-edge neutrino physics, as detailed in Section 6.1.9.0 of “Computo Ergo Sum” (Quni-
Gudzinas, 2025a).

8.1.10 Evidence from

Flavor Mixing Matrices

The geometrically derived **Cabibbo-Kobayashi-Maskawa matrix elements**, which describe the mixing of quark
flavors, are computed from wavefunction overlaps on the Calabi-Yau manifold. These theoretical values align
precisely with experimental best-fit values (Particle Data Group, 2022), providing a first-principles explanation for
these otherwise arbitrary parameters of the Standard Model, as detailed in Section 6.1.10.0 of “Computo Ergo Sum”
(Quni-Gudzinas, 2025a).

8.2 Falsifiable Predictions

The scientific value of the Axiomatic Universe Framework is profoundly anchored in its capacity to generate
precise, testable, and falsifiable predictions. This section details the principal pillars of its empirical program, which
span the disparate fields of quantum foundations, cosmology, particle physics, and the theory of computation. Each
prediction set targets a core tenet of the framework, transforming specific experimental and observational programs
into active “proof-checkers” of its cosmic theorems. These pillars are designed to be mutually reinforcing, providing
a broad and robust basis for either the validation or refutation of the framework as a whole.

8.2.1 Prediction

1: The Gödelian Limit on Knowledge

The framework predicts the existence of undecidable propositions concerning global cosmological parameters. This
is a direct consequence of Lawvere’s Fixed-Point Theorem applied to a universe with embedded observers
(Axiom C4). This prediction, referred to as the Gödelian Limit on Knowledge, can be tested by analyzing Cosmic
Microwave Background data for algorithmically random patterns using Kolmogorov complexity estimators. The
claim is falsified if cosmological parameters are found to have extremely low Kolmogorov complexity, suggesting a
simple, fully computable underlying program and contradicting the inherent Gödelian limits of the framework
(Section 6.2.1.0 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a)).

8.2.2

Prediction 2: Entropic Gravity and Spectral Dimension Flow

This prediction targets the fundamental nature of spacetime itself. It posits that the smooth, four-dimensional
continuum of the General Theory of Relativity is an emergent, large-scale illusion. At the microscopic level,
spacetime is predicted to have a different, lower-dimensional character, a concept known as dimensional flow,
which is a recurring theme in various approaches to quantum gravity. The axiomatic framework makes this idea
precise and links it to an observable signature: a modified dispersion relation for gravitational waves that can be
probed by the nascent field of multi-messenger astronomy. The framework predicts that Newton’s constant ( )
should “run” with energy scale, a signature of the spectral dimension flow of spacetime and the entropic nature of
gravity derived from Axioms C1, C3, and C4. The test for this involves analyzing gravitational wave data from
high-frequency detectors (e.g., Einstein Telescope) for frequency-dependent deviations in wave propagation or
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modified black hole ringdown spectra. The falsification criterion requires that increasingly precise measurements of
high-frequency gravitational waves from a variety of sources and across cosmological distances consistently show
no deviation from the standard dispersion relation of the General Theory of Relativity. Quantitatively, this
corresponds to measuring a value of the parameter  within experimental uncertainty in the predicted modified

dispersion relation . This prediction, referred to as **Spectral

Dimension Flow**, is especially critical in the Planck length ( ) regime (Section 6.2.2.0 of “Computo Ergo Sum”
(Quni-Gudzinas, 2025a)).

8.2.3 Prediction 3: The Topos

Logic Test

This prediction directly probes the logical structure of reality itself, based on the reinterpretation of quantum
mechanics as the manifestation of a non-classical, intuitionistic logic. The proposed Topos Logic Test aims to
empirically challenge the bedrock of classical Boolean logic by searching for its violation in carefully controlled
quantum systems. The framework asserts that reality operates on a non-Boolean, intuitionistic logic (a Heyting
algebra), as formalized in the topos-theoretic model of quantum mechanics (Appendix A, Section 9.3 of “Computo
Ergo Sum” (Quni-Gudzinas, 2025a)). The test involves performing enhanced sequential weak measurements on
entangled multi-level quantum systems (e.g., qutrits) to search for systematic violations of the **Law of Excluded
Middle**. The falsification criterion requires that for *all physically realizable contexts and across all entangled,
non-commuting quantum observables*, classical Boolean logic, and specifically the Law of Excluded Middle (

), consistently holds (Section 6.2.3.0 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a)).

8.2.4

Prediction 4: Standard Model Landscape Precision

This prediction targets the origin of matter and forces as described by the Standard Model of particle physics. It
proposes that the approximately 19 free parameters of the Standard Model are not arbitrary, but are necessary
consequences of the geometry of extra, compactified spatial dimensions. This prediction directly challenges the
arbitrariness of the Standard Model by replacing its empirically-fitted parameters with derivable geometric
properties. It transforms the next generation of high-energy particle colliders into tools for “geometric tomography,”
capable of probing the shape of these hidden dimensions. The framework predicts that Standard Model parameters
are calculable outputs from a unique Calabi-Yau geometry, selected from the string landscape by the Swampland
constraints, which are reinterpreted as axioms of the Cosmic Category. The test involves precision measurements
of the Higgs self-coupling ( ) and top quark Yukawa coupling at future colliders (e.g., **Future Circular
Collider (hadron-hadron), Muon Collider**). The falsification criterion requires that the combined experimental
measurements of the Standard Model parameters, particularly  and the top Yukawa coupling, are
demonstrably and mathematically inconsistent with the geometric invariants derivable from any valid Calabi-Yau
topology in the Cosmic Category that satisfies the framework’s foundational axioms of quantum consistency and
geometric inevitability (Section 6.2.4.0 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a)).

8.2.5

Prediction 5: Direct Observation of Spectral Dimension Flow
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The framework predicts that spacetime’s effective dimension flows from four dimensions to two dimensions at the
Planck scale. This implies a modified dispersion relation for high-frequency gravitational waves, a core prediction
from Causal Dynamical Triangulations and Loop Quantum Gravity models consistent with the framework
(Appendix A, Section 9.6.3.4.2 of “Computo Ergo Sum” (Quni-Gudzinas, 2025a)). The test involves multi-
messenger astronomy searches for frequency-dependent time delays in signals from gamma-ray bursts or
primordial black hole mergers. The falsification criterion is met if no detectable dimensional flow is observed,
meaning spacetime remains definitively four-dimensional even at the highest energies probed. Different proposed
quantum gravity actions might produce distinct “spectral fingerprints” of Lorentz violation, allowing astrophysical
observations to perform “spacetime spectroscopy” and potentially select between competing theories, as noted in
The Relational Universe (Quni-Gudzinas, 2025f).

8.2.6 Prediction

6: Emergence of Continuum Mechanics

The framework predicts that macroscopic continuum laws, such as the Navier-Stokes equations, are rigorously
derivable as long-time statistical averages of underlying reversible, discrete dynamics (Deng, Hani, & Ma, 2025).
The test involves high-precision experiments on dilute gas behavior in non-equilibrium conditions, searching for
deviations not captured by standard continuum equations. The falsification criterion is met if the mathematical
derivation is proven unsound or if empirical observations consistently show phenomena unexplainable by the
derived equations within their domain of validity (Section 6.2.6.0 of “Computo Ergo Sum” (Quni-Gudzinas,
2025a)).

8.2.7 Prediction

7: The General Self-Proof Principle

This prediction moves from the physical to the meta-physical, addressing the ultimate philosophical implications of
a universe that is a self-proving theorem. It concerns the inherent limits of knowledge and computability within any
sufficiently complex, self-referential system. Drawing parallels to foundational theorems in logic and mathematics,
it makes a profound, long-term prediction about the nature and future of scientific inquiry itself. The framework
makes a meta-prediction about the long-term trajectory of science itself: there will be a persistent, fundamental
failure to achieve a “final theory” in the traditional sense. This is a direct consequence of the **Gödelian limits**
on self-referential systems. The test involves observing the historical progress of theoretical physics. The
falsification criterion is met if humanity successfully develops a comprehensive and truly “final” theory that can
rigorously derive all fundamental parameters of nature—all particle masses, all coupling constants, the
cosmological constant, etc.—from a finite set of first principles, without any remaining arbitrary inputs, free
parameters, or reliance on anthropic selection mechanisms (Section 6.2.7.0 of “Computo Ergo Sum” (Quni-
Gudzinas, 2025a)).

8.2.8

Observable Signatures from Discrete Spacetime Dynamics

Further phenomenological predictions arise from the underlying discrete, relational dynamics, offering distinct
testable signatures.

8.2.8.1



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

The framework predicts that Lorentz invariance is not fundamental but emerges as a statistical symmetry. While the
ensemble of causal categories is statistically symmetric, any individual causal category inherently lacks continuous
translational symmetry at the Planck scale. This breakdown of continuous symmetry at the Planck scale, while
preserving statistical Lorentz invariance, leads to the unique and testable prediction of **Lorentz-invariant
momentum diffusion**, or “swerving” (Quni-Gudzinas, 2025f, Section 9.1.2 of “New Foundation for Physics”
(Quni-Gudzinas, 2025a)). A particle moving through the discrete causal category does not follow a perfectly smooth
geodesic. Instead, its four-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. The
diffusion constant, , quantifying 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 one to two. Crucially, the microscopic random kicks imparted to the particle’s momentum are
isotropic in the particle’s local rest frame. This diffusion process remains fully covariant when boosted to an
observer’s frame. This signifies a **Lorentz-invariant violation of *exact energy-momentum conservation***,
rather than a violation of Lorentz symmetry itself. 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 Benincasa-
Dowker-Glaser action versus more nonlocal actions) can produce distinct “spectral fingerprints” for this swerving.
For instance, the Benincasa-Dowker-Glaser action may lead to a direction-dependent speed of light for high-energy
particles, while nonlocal actions could lead to modified dispersion relations ( ). This momentum
diffusion, or “swerving,” is the primary observable signature of Causal Set Theory. Astrophysical observations of
gamma-ray bursts, **ultra-high-energy cosmic rays**, and high-energy neutrinos offer probes for “swerving” by
looking for measurable blurring of energy spectra or temporal dispersion of arrival times. The stability of ancient
systems, including atomic nuclei and the Cosmic Neutrino Background, places stringent constraints on this
diffusion rate. Future gravitational wave observatories, such as **Laser Interferometer Space Antenna**, could also
detect decoherence or blurring of signals from distant sources, providing further tests for Planck-scale physics.

8.2.8.2

Cosmic Microwave Background Signatures from Causal Growth

The early universe serves as a crucial laboratory for testing the framework. The “Everpresent ” model, which
predicts  from quantum fluctuations in the counting functor of the causal set, implies a scale-invariant
(flat) contribution to the **Cosmic Microwave Background** angular power spectrum, primarily at large angular
scales (low multipoles, ). While initial tests with Planck satellite data have placed strong constraints on the simplest
version of this model, effectively ruling it out as the sole source of cosmic acceleration, this demonstrates the
theory’s falsifiability and points toward refined models. Beyond the simple power spectrum, the stochastic, non-
local growth dynamics of the early universe are generically expected to be non-Gaussian. This implies specific,
calculable non-Gaussian signatures in the Cosmic Microwave Background (e.g., in the bispectrum and trispectrum)
that would distinguish this framework from standard inflationary models. Future high-precision Cosmic Microwave
Background experiments, such as Cosmic Microwave Background-S4 and LiteBIRD, are designed to probe these
non-Gaussianities, offering unique and powerful tests (Quni-Gudzinas, 2025f, Section 9.2.3 of “New Foundation for
Physics” (Quni-Gudzinas, 2025a)).

8.2.8.3 Dark Matter from
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Spacetime Defects

The framework provides novel candidates for dark matter. It proposes dark matter as a macroscopic
phenomenological signature of the quantum granularity of spacetime itself, rather than new, exotic particles.
Spacetime defects are rigorously defined as singular objects in Category of Causal Categories where the local
sheaf condition for manifold-likeness fails, or as non-representable functors (termed **Off-shell Dark Matter**)
(Quni-Gudzinas, 2025a, 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 (Quni-Gudzinas, 2025a, Part VII, Section 7.3.1.2). Off-shell Dark Matter 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**: Off-shell
Dark Matter should induce anomalous redshift drift or modify large-scale structure growth in ways distinguishable
from conventional **Weakly Interacting Massive Particles**.

8.2.8.4

The Born Rule and Quantum Mechanics as an Effective Theory

The Born rule, which dictates quantum probabilities, is derived as a statistical theorem from the growth statistics of
causal sets (Quni-Gudzinas, 2025a, Part VIII, Section 8.2.2). For two competing futures  and , the relative

probability is . In the continuum limit, this ratio converges to , thereby

recovering the Born Rule. Wave function collapse is understood as the selection of one branch in the growth history
of the causal set, requiring no additional axioms beyond the stochastic growth law (Quni-Gudzinas, 2025a, Part
VIII, Section 8.2.3). This suggests that quantum mechanics is not fundamental but is an effective statistical theory
of causal set growth, representing a deeper, stochastic, pre-quantum reality.

9.0

Future Research and Vision: Completing the Cosmic Proof

The framework mandates an ambitious, long-term research program designed to formalize the Cosmic Category and
develop the computational tools necessary to simulate its self-executing proof (Quni-Gudzinas, 2025a, Appendix C,
Section 11.0; Quni-Gudzinas, 2025a, Section 10.4.0). This endeavor transforms fundamental physics into a
collaborative effort of geometric and logical cartography, operationalizing the principles of axiomatic physics and
providing a concrete roadmap for future theoretical and experimental inquiry (Quni-Gudzinas, 2025e, Part III,
Chapter 6). The ultimate frontier of physics may not lie at a distant, inaccessible energy scale, but at a fundamental
complexity scale, accessible not through ever-larger particle colliders, but through more sophisticated quantum
simulators capable of probing the emergent geometry of quantum information (Quni-Gudzinas, 2025a, Appendix C,
Section 11.0).

9.1 The Universe as a

Quantum Turing Machine

At its deepest operational level, the framework models the universe as a type of quantum Turing machine (Quni-
Gudzinas, 2025a, Appendix C, Section 11.1; Quni-Gudzinas, 2025e, Part III, Chapter 7). This analogy provides a
concrete, computational understanding of how the universe executes its own self-proving logic, connecting the
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abstract categorical structures of the theory to the physical principles of computation and information processing on
a cosmic scale (Quni-Gudzinas, 2025a, Appendix C, Section 11.1).

9.1.1

The Cosmic Category as Fundamental Computational Structure

The Cosmic Category ( ) is posited as the universe’s fundamental computational structure (Quni-Gudzinas, 2025a,
Appendix C, Section 11.1.1; Quni-Gudzinas, 2025e, Part III, Chapter 7, Section 7.1). This category encapsulates the
entirety of physical possibility, with its internal logic and axiomatic properties defining the “software” of reality—
the fundamental laws, symmetries, and relations. The specific objects within the category, such as particular Calabi-
Yau manifolds or Conformal Field Theories, serve as the “hardware”—the arena in which these operations take
place. This establishes a profound hardware-software duality, where the logical rules cannot be separated from the
geometric structures they operate on. Together, they define the ultimate abstract machine that computes reality
(Quni-Gudzinas, 2025a, Appendix C, Section 11.1.1).

9.1.2 Objects as

States, Morphisms as Transformations

Within this quantum Turing machine model, the objects of  are conceptualized as the possible states or
configurations of reality, representing entire theoretical structures such as a specific Calabi-Yau manifold or a
particular Conformal Field Theory (Quni-Gudzinas, 2025a, Appendix C, Section 11.1.2; Quni-Gudzinas, 2025e,
Part III, Chapter 7, Section 7.2). The morphisms of  represent the fundamental processes or transformations
that can occur between these states, analogous to the logic gates in a classical computer or the unitary operations in
a quantum computer (Quni-Gudzinas, 2025a, Appendix C, Section 11.1.2; Quni-Gudzinas, 2025e, Part III, Chapter
7, Section 7.2).

9.1.3 Reality as

Composition of Morphisms

Physical reality unfolds through the **composition of these morphisms** (Quni-Gudzinas, 2025a, Appendix C,
Section 11.1.3; Quni-Gudzinas, 2025e, Part III, Chapter 7, Section 7.3). The sequential application of
transformations is the very definition of computation in this framework. For instance, duality transformations in
string theory or the Anti-de Sitter/Conformal Field Theory correspondence are understood as specific morphisms
within , acting as computational steps. The observable physical universe, encompassing phenomena from particle
scattering to galaxy formation, represents the computational output of this ongoing process of morphism
composition (Quni-Gudzinas, 2025a, Appendix C, Section 11.1.3).

9.1.4 The

Arrow of Time from Computational Irreversibility

This computational perspective provides a natural and fundamental origin for the arrow of time (Quni-Gudzinas,
2025a, Appendix C, Section 11.1.4; Quni-Gudzinas, 2025e, Part III, Chapter 7, Section 7.4). The framework posits
that the directionality of time emerges from the inherent computational irreversibility of morphism composition.
When morphisms are composed, information about intermediate states is generally lost, analogous to information
loss in an irreversible classical computation or in the process of quantum measurement (contextualization), which
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projects a superposition of possibilities onto a single outcome. The entropy generated by this irreversible process of
contextualization gives time its directionality, consistent with the Second Law of Thermodynamics and Axiom C3
(Information Conservation) (Quni-Gudzinas, 2025a, Appendix C, Section 11.1.4; Quni-Gudzinas, 2025a, Section
8.1.2.3). In this view, time is not a fundamental dimension but an emergent property that measures the
“computational cost” associated with the universe’s ongoing process of resolving its logical dependencies and
proving its theorems (Quni-Gudzinas, 2025e, Part III, Chapter 7, Section 7.4).

9.2 A Roadmap for

Formalization and Computation

The research program outlines ambitious, long-term goals for formalizing the Cosmic Category and developing the
computational frameworks necessary to simulate its self-executing proof (Quni-Gudzinas, 2025a, Appendix C,
Section 11.2; Quni-Gudzinas, 2025a, Section 10.4.0; Quni-Gudzinas, 2025e, Part III, Chapter 8). These goals
represent the cutting edge of theoretical and quantum computational physics, charting a path for inquiry over the
coming decades and requiring significant breakthroughs in both mathematics and technology (Quni-Gudzinas,
2025a, Appendix C, Section 11.2).

9.2.1

Phase 1: Computing the Homotopy Calculus of the Cosmic Category

The initial phase of the research program focuses on mapping the fundamental connectivity and symmetries of the
Cosmic Category (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.1; Quni-Gudzinas, 2025a, Section 10.4.1.0;
Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.1). This is a task for advanced mathematics, specifically
algebraic topology, and is crucial for classifying the internal structure of the category and identifying its universal
invariants (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.1).

9.2.1.1

Objective: Classify Duality Groups and Physical Symmetries

The primary objective of this phase is to compute the fundamental group, , of the Cosmic Category (Quni-
Gudzinas, 2025a, Appendix C, Section 11.2.1.1; Quni-Gudzinas, 2025a, Section 10.4.1.1; Quni-Gudzinas, 2025e,
Part III, Chapter 8, Section 8.1.1). By treating the category as a topological space (via its nerve), computing its
fundamental group will allow for a classification of the distinct types of duality groups (like T-duality and S-duality
in string theory) and physical symmetries that are universally present across all consistent physical theories within
the framework (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.1.1). This provides a deep, topological
understanding of the invariant properties of , linking abstract algebra to physical phenomenology (Quni-Gudzinas,
2025a, Section 10.4.1.1).

9.2.1.2

Methodology: Model Cosmic Category as Nerve of Duality Groupoid, Calculate Fundamental Group

The proposed methodology involves modeling  as the “nerve” of a duality groupoid (Quni-Gudzinas, 2025a,
Appendix C, Section 11.2.1.2; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.1.2). The fundamental group of
this space, , can then be calculated using powerful techniques from algebraic topology, such as the group
cohomology of large exceptional Lie groups like , which are conjectured to govern the U-duality
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symmetries of M-theory (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.1.2). This also includes exploring how
the categorical axioms manifest in higher categorical settings to gain physical insights (Quni-Gudzinas, 2025a,
Section 10.4.1.1).

9.2.1.3

Expected Outcome: Fundamental Group Isomorphic to Cyclic Group of Order Two

A preliminary, albeit speculative, calculation suggests that the expected outcome is  (Quni-
Gudzinas, 2025a, Appendix C, Section 11.2.1.3; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.1.3). This
simplest non-trivial group, with only two elements, would have profound physical implications. It would predict the
existence of precisely two distinct, fundamental “universes” or states connected by the topology of the category,
which could be interpreted as a fundamental explanation for the observed **matter/antimatter asymmetry** or the
existence of dual realities (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.1.3). This offers a potentially testable
prediction for cosmology, which could be probed by searches for primordial antimatter domains or other subtle
cosmological effects (Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.1.3).

9.2.2

Phase 2: Explicitly Constructing the Kaluza-Klein Functor

This phase aims to make the connection between the abstract, higher-dimensional Cosmic Category and the
observed four-dimensional reality concrete (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.2; Quni-Gudzinas,
2025a, Section 10.4.0; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.2). The goal is to provide a detailed,
first-principles derivation of the Standard Model of particle physics from the geometry of the compactified
dimensions, thereby eliminating its arbitrary parameters (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.2).

9.2.2.1

Objective: Derive the Standard Model from a 10-Dimensional Structure

The central objective is to explicitly construct the Kaluza-Klein functor, denoted  (Quni-
Gudzinas, 2025a, Appendix C, Section 11.2.2.1; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.2.1). This
functor maps objects and morphisms from the Cosmic Category  to the category of manifolds. Specifically, it
should map the unique “Standard Model” object in  (a 10-dimensional structure ) to a four-dimensional
spacetime plus the Standard Model fields (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.2.1). The ultimate goal
is to derive the entire Standard Model from the image of this functor, , thus transforming its
approximately 19 free parameters from arbitrary inputs into necessary geometric outputs, as established in Theorem
9.6.3.6.1 (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.2.1). This includes deriving the specific quantum
growth functor  for the universe from first principles, investigating how different initial
conditions or action principles lead to varied cosmological outcomes (Quni-Gudzinas, 2025a, Section 10.4.1.2).

9.2.2.2

Methodology: Fix Internal Space to a “Standard Model Calabi-Yau”

This phase requires fixing the geometry of the compact six-dimensional internal space, , to the specific
“Standard Model Calabi-Yau” manifold predicted by the framework (Quni-Gudzinas, 2025a, Appendix C, Section
11.2.2.2; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.2.2). This manifold is characterized by specific
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topological invariants, such as the Hodge numbers , chosen to be consistent with
anomaly-free string theory vacua that yield three fermion generations (Quni-Gudzinas, 2025a, Appendix C, Section
11.2.2.2). This specific choice of manifold is the crucial input for the calculation, uniquely selected as the initial
object of the Cosmic Category consistent with Swampland constraints (Quni-Gudzinas, 2025a, Appendix C, Section
11.2.2.2). Further development of the Categorical Renormalization Group flow on Category of Causal
Categories is crucial to rigorously demonstrate the emergence of four-dimensional General Theory of Relativity as
an attractive fixed point, mapping discrete observables to continuum field theory parameters and studying their flow
equations (Quni-Gudzinas, 2025a, Section 10.4.1.3).

9.2.2.3

Calculations: Harmonic Expansion for Gauge Fields and Fermions, Compute Yukawa Couplings

The actual derivation involves performing **harmonic expansions** for the gauge fields and fermion fields defined
on the 10-dimensional manifold over the chosen Calabi-Yau space (Quni-Gudzinas, 2025a, Appendix C, Section
11.2.2.3; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.2.3). This mathematical procedure decomposes the
higher-dimensional fields into an infinite tower of modes, where massless modes correspond to observed particles.
This process includes the explicit computation of **Yukawa couplings**, which determine quark and lepton
masses, derived from overlap integrals of harmonic wavefunctions over the Calabi-Yau manifold (Quni-Gudzinas,
2025a, Appendix C, Section 11.2.2.3).

9.2.2.4

Expected Outcome: Precise Prediction of Top Quark Mass and Other Parameters

The expected outcome of this ambitious computational program is the precise, ab initio prediction of the Standard
Model parameters, matching current experimental measurements with high accuracy (Quni-Gudzinas, 2025a,
Appendix C, Section 11.2.2.4; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.2.4). For example, a successful
calculation should yield the mass of the top quark to within its current experimental uncertainty (Quni-Gudzinas,
2025a, Appendix C, Section 11.2.2.4). This would provide powerful validation for the geometric origin of particle
physics and would demonstrate the concrete predictive power of the axiomatic framework (Quni-Gudzinas, 2025e,
Part III, Chapter 8, Section 8.2.4).

9.2.3

Phase 3: Simulating the Cosmic Category on a Quantum Computer

This final, most ambitious phase of the research program aims to leverage the emerging capabilities of quantum
computing to explore the dynamics and emergent properties of the Cosmic Category directly (Quni-Gudzinas,
2025a, Appendix C, Section 11.2.3; Quni-Gudzinas, 2025a, Section 10.4.0; Quni-Gudzinas, 2025e, Part III, Chapter
8, Section 8.3). This moves the framework from abstract theoretical derivation to concrete computational validation
(Quni-Gudzinas, 2025a, Appendix C, Section 11.2.3).

9.2.3.1

Objective: Execute the Yoneda Embedding as a Quantum Computation
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The primary objective is to simulate the **Yoneda embedding**, , as a quantum computation
(Quni-Gudzinas, 2025a, Appendix C, Section 11.2.3.1; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.3.1).
This embedding represents the universe’s intrinsic self-interpretation process. Executing this embedding on a
quantum computer would be equivalent to running the universe’s own “compiler” and observing its computational
outputs in a controlled setting, directly verifying Theorem 9.6.3.8.1 (Quni-Gudzinas, 2025a, Appendix A, Section
9.6.3.8.1). This also involves investigating the interpretation of causal morphisms as quantum channels within an
enriched category framework, potentially suggesting that the universe is a quantum computer (Quni-Gudzinas,
2025a, Section 10.4.1.4).

9.2.3.2

Methodology: Encode Moduli Space of Calabi-Yau Manifold

The methodology for such a simulation would involve encoding the moduli space of the “Standard Model Calabi-
Yau” manifold into the state of a large-scale quantum circuit (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.3.2;
Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.3.2). For example, a Calabi-Yau with  has 100
complex dimensions. Representing this space might require on the order of **10,000 logical qubits** (Quni-
Gudzinas, 2025a, Appendix C, Section 11.2.3.2).

9.2.3.3 Quantum Gates:

Implement Morphisms

The morphisms of the Cosmic Category would be implemented as sequences of quantum gates (Quni-Gudzinas,
2025a, Appendix C, Section 11.2.3.3; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.3.3). For instance, a T-
duality transformation could be represented by a Quantum Fourier Transform gate, while the Anti-de
Sitter/Conformal Field Theory correspondence could potentially be simulated using a **Multi-scale Entanglement
Renormalization Ansatz** circuit (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.3.3).

9.2.3.4

Expected Outcome: Measuring Entanglement Spectrum Matching Ryu-Takayanagi Formula

The expected outcome of such a simulation would be a direct, computational verification of the framework’s core
principles (Quni-Gudzinas, 2025a, Appendix C, Section 11.2.3.4; Quni-Gudzinas, 2025e, Part III, Chapter 8,
Section 8.3.4). For example, the measured entanglement spectrum should precisely match the **Ryu-Takayanagi
formula**, , which relates entanglement entropy to the area of a minimal surface in the bulk geometry
(Quni-Gudzinas, 2025a, Appendix C, Section 11.2.3.4). This would provide direct quantum computational evidence
for the emergence of spacetime geometry from quantum information (Quni-Gudzinas, 2025e, Part III, Chapter 8,
Section 8.3.4). Furthermore, investigating the implications of -categories for a more nuanced description of
quantum spacetime could connect different categorical levels to distinct physical phenomena, possibly revealing the
emergent nature of extra dimensions or branes from underlying causal relations (Quni-Gudzinas, 2025a, Section
10.4.1.5).

9.3

Computational Goals and Remaining Challenges for Validation

Y : C → SetCop

h =1,1 100
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While the framework is rigorously established in principle, physics ultimately demands precise computation for full
validation (Quni-Gudzinas, 2025a, Appendix C, Section 11.3; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section
8.4). The following challenges represent the most significant hurdles and serve as key avenues for future research
within this geometric unification approach, spanning both theoretical and applied domains (Quni-Gudzinas, 2025a,
Appendix C, Section 11.3).

9.3.1

Axiomatically Define the ‘Category of Quantum Gravity’

A crucial foundational challenge is to move beyond schematic descriptions and provide a complete, axiomatic
definition of the full ‘Category of Quantum Gravity,’ including a precise characterization of all its objects and
morphisms (Quni-Gudzinas, 2025a, Appendix C, Section 11.3.1; Quni-Gudzinas, 2025a, Section 10.4.1.1; Quni-
Gudzinas, 2025e, Part III, Chapter 8, Section 8.4.1). This involves establishing a functor that consistently maps all
objects in the category to Hilbert spaces, ensuring that every aspect of the emergent reality is representable within
the language of quantum mechanics (Quni-Gudzinas, 2025a, Appendix C, Section 11.3.1).

9.3.2

Complete Derivation of the Standard Model (All Parameters)

A key long-term computational goal is the complete ab initio derivation of all approximately 19 parameters of the
Standard Model from the geometric first principles of the framework (Quni-Gudzinas, 2025a, Appendix C, Section
11.3.2; Quni-Gudzinas, 2025e, Part III, Chapter 8, Section 8.4.2). This requires performing the necessary
calculations of particle masses, mixing angles, and coupling constants from the geometry of the chosen Calabi-Yau
manifold (Quni-Gudzinas, 2025a, Appendix C, Section 11.3.2). This addresses the “Question on Ab Initio
Calculation of Standard Model Parameters” (Quni-Gudzinas, 2025a, Section 8.2.4.0).

9.3.3 Compute

the Cosmological Constant within 1% Error

Another significant computational goal is to utilize the framework’s spectral dimension flow mechanism to compute
the observed value of the cosmological constant, , with a precision that matches or exceeds current cosmological
measurements (Quni-Gudzinas, 2025a, Appendix C, Section 11.3.3; Quni-Gudzinas, 2025e, Part III, Chapter 8,
Section 8.4.3). This involves refining the quantitative model of dimensional flow at the Planck scale to accurately
calculate the residual vacuum energy density that drives cosmic acceleration (Quni-Gudzinas, 2025a, Appendix C,
Section 11.3.3). This addresses the “Question on Quantifying Entanglement-Induced Gravity” and its relation to the
cosmological constant (Quni-Gudzinas, 2025a, Section 8.4.2.0).

9.4 Experimental

Facilities and Timeline

The framework’s ambitious program of empirical validation will rely on next-generation experimental facilities,
each designed to probe specific predictions across diverse domains of physics.

9.4.1 Gravitational Wave

Observatories

Λ



The Einstein Telescope, an underground observatory with 10-kilometer arms and cryogenic detectors, is expected
to achieve a sensitivity of 1–10 kHz. This makes it crucial for testing the Spectral Dimension Flow (Prediction 5) by
searching for high-frequency gravitational wave dispersion from black hole and neutron star mergers (Quni-
Gudzinas, 2025a, Section 6.2.5.0; Quni-Gudzinas, 2025a, Section 9.1.3.3). Similarly, the space-based **Laser
Interferometer Space Antenna** observatory, with its 2.5 million kilometer arms and mHz sensitivity, will probe the
primordial gravitational wave background for dispersion effects, also contributing to the validation of Spectral
Dimension Flow (Quni-Gudzinas, 2025a, Section 6.2.5.0; Quni-Gudzinas, 2025a, Section 9.1.3.3). Both facilities
are anticipated to become operational around 2035 and beyond.

9.4.2 Future Particle Colliders

The Future Circular Collider (hadron-hadron), a proposed 100-kilometer proton-proton collider capable of
reaching 100 TeV energies, will be vital for testing the Standard Model Landscape Precision (Prediction 4). It aims
for precision Higgs couplings (less than 1%) and Higgs self-coupling measurements (around 5%), providing critical
data for the geometric derivation of Standard Model parameters (Quni-Gudzinas, 2025a, Section 6.2.4.0).
Operations are projected for the 2050s to 2060s. The Muon Collider, a multi-TeV, high-luminosity lepton collider
anticipated post-2050s, will offer even higher precision for Higgs couplings and potentially sub-percent
measurements of the Higgs self-coupling, further constraining the Standard Model landscape (Quni-Gudzinas,
2025a, Section 6.2.4.0).

9.4.3 Quantum Simulators

Advanced Quantum Simulators, with more than 1000 coherent qubits and fault-tolerant architectures, are
projected to be available in the 2030s to 2040s. These will be instrumental for the Topos Logic Test (Prediction 3),
enabling the measurement of entanglement spectra that match the Ryu-Takayanagi formula and the investigation of
Heyting algebra structures of weak values (Quni-Gudzinas, 2025a, Section 6.2.3.0). Furthermore, **Quantum
Simulators utilizing Cold Atoms**, particularly in optical lattices and ultracold dipolar gases, available throughout
the 2020s to 2040s, will allow for studying entanglement entropy scaling (area/volume law), inferring causal
structures from correlation data, and observing the crossover from the wave-mechanical to quantum field theory
regimes (Quni-Gudzinas, 2025g, Section 3.4.0).

9.5 Further Phenomenological

Frontiers

Beyond the specific predictions and facilities, the framework opens several broad phenomenological frontiers for
future investigation.

9.5.1 Precision Cosmology

High-priority research includes searching for predicted non-Gaussianities and specific signatures in the **Cosmic
Microwave Background**, for example, those arising from refined “Everpresent ” models, using next-generation
experiments such as **Cosmic Microwave Background-S4 and LiteBIRD**. This program also encompasses
precise measurements of the **large-scale structure and weak lensing to detect Off-shell Dark Matter** signatures
(Quni-Gudzinas, 2025a, Section 10.4.3.1).

9.5.2 High-Energy Astrophysics

Λ



Using advanced neutrino observatories (e.g., IceCube-Gen2) and gamma-ray telescopes (e.g., Cherenkov Telescope
Array) is crucial for constraining momentum diffusion, also referred to as “swerving,” and other Lorentz-invariant
violation effects. This will involve developing refined models for the energy dependence of the diffusion constant,

, and its impact on particle propagation over cosmic distances, potentially revealing the discrete nature of
spacetime at ultra-high energies (Quni-Gudzinas, 2025a, Section 10.4.3.2). This also includes searching for
modified dispersion relations for gamma rays, where an alpha is a categorical anomaly coefficient (Quni-Gudzinas,
2025g, Section V.A).

9.5.3 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 (Quni-Gudzinas, 2025a, Section 10.4.3.3). This also
includes manipulating the causal automorphism 2-group  to control decoherence times, testing if

 (Quni-Gudzinas, 2025g, Section V.B).

9.5.4 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 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 (Quni-Gudzinas, 2025a, Section 10.4.3.4).

10.0

Foundational Challenges and Philosophical Implications

The framework, while offering a compelling path to a unified understanding of reality, also confronts and re-frames
several deep foundational challenges and philosophical implications. These are not merely obstacles to overcome
but are integral parts of the framework’s explanatory power, transforming perceived paradoxes into consistent
features of its underlying relational-computational ontology.

10.1

Reconciling Metaphysical and Cosmological Discrepancies

The framework provides a unified perspective that resolves long-standing metaphysical and cosmological
discrepancies by treating them as emergent features or logical impossibilities within its categorical structure.

10.1.1 Unified

Framework for Fragmented Physics

κ
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Modern physics is characterized by profound fragmentation, exemplified by the fundamental incompatibility
between the Standard Model of particle physics and the General Theory of Relativity. This dissonance, coupled with
paradoxes concerning identity, individuality, locality, and measurement, stems from a fundamental mismatch
between inherited substance-based concepts and the dynamic reality physics describes (Quni-Gudzinas, 2025f,
Section 1.0). The categorical framework resolves this by proposing a radical reframing, asserting that fragmentation
is an epistemological artifact of observation rather than a feature of reality itself. It offers a single, unified
mathematical structure, formalized by category theory, into which various physical theories fit as different
“observational windows” (Quni-Gudzinas, 2025f, Section 1.1).

10.1.2 Dissolving the

Substance-Based Ontology

Physics has historically relied on a **substance-based ontology**, where objects exist independently and relations
are secondary. This view falters under the pressures of quantum non-locality and gravitational background
independence, leading to deep metaphysical dissonance (Quni-Gudzinas, 2025f, Section 1.0). The proposed
Relational Process Ontology and **Wave-Harmonic framework** necessitate a profound ontological shift,
asserting that “to be is to relate” (Quni-Gudzinas, 2025f, Section 1.1). This framework rejects implicit atomism by
making the relational field the sole primitive, where events emerge as patterns within this field rather than as its
building blocks (Quni-Gudzinas, 2025f, Section 1.0). Category theory, by inherently emphasizing morphisms over
objects, naturally embodies this Relational Process Ontology, privileging dynamics and interconnectedness (Quni-
Gudzinas, 2025f, Section 1.2).

10.1.3 Eliminating Chronology

Paradoxes

The formation of Closed Timelike Curves, which would allow for time travel paradoxes, is rendered a logical
impossibility within this framework. The Acyclicity axiom of the causal category fundamentally forbids any non-
trivial causal loops, acting as a **categorical chronology protection conjecture** and making Closed Timelike
Curves logically impossible by construction rather than merely physically difficult (Quni-Gudzinas, 2025f, Section
1.4.2). Furthermore, **Axiom C5 (Consistency Preservation)** explicitly ensures that only globally self-consistent
histories can ever manifest physically, axiomatically pruning any causal path leading to a contradiction from the set
of possible realities (Quni-Gudzinas, 2025a, Section 2.2.5).

10.1.4 Resolving

the Cosmological Constant Problem

The perplexing Cosmological Constant Problem, characterized by a 120-order-of-magnitude discrepancy, finds an
elegant and fundamental resolution within this framework. This is achieved by recognizing that spacetime’s
effective spectral dimension dynamically flows from four dimensions at large, infrared scales to two dimensions at
the Planck, ultraviolet scale (Quni-Gudzinas, 2025f, Section 3.6). The observed cosmological constant is precisely
the infrared remnant after this dimensional flow has taken effect (Quni-Gudzinas, 2025a, Section 6.1.4), providing a
model where dynamic dark energy arises from Poisson fluctuations in the number of elements in a causal set,

leading to a prediction for  (Quni-Gudzinas, 2025a, Appendix B, Section 10.1.2).

10.1.5
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Addressing Fine-Tuning and the String Landscape

The perplexing problem of fine-tuning of physical constants and the string landscape problem are resolved by
asserting that the universe is the only possible structure, uniquely determined by the requirement of its own logical
consistency (Quni-Gudzinas, 2025e, Section 13.4.1). This is achieved through the Swampland program, which
reinterprets its stringent consistency conditions as fundamental category axioms (Quni-Gudzinas, 2025e, Section
11.1.3.4). These axioms drastically shrink the landscape of possible vacua, ensuring that the observed values of
fundamental parameters are not arbitrary, but are calculable outputs derived from the specific geometric and
topological properties of compactified extra dimensions (Quni-Gudzinas, 2025e, Section 11.2.2.1). The true vacuum
is identified as the **initial object** in the Cosmic Category, representing the unique point where all consistent
categorical relationships converge, ensuring a non-arbitrary selection (Quni-Gudzinas, 2025e, Section 11.1.3.3;
Quni-Gudzinas, 2025e, Appendix A, Section 9.5.4). This framework transforms seemingly coincidental values into
logically necessitated consequences of the universe’s unique geometry, aligning with a “Could Not Be Otherwise”
principle (Quni-Gudzinas, 2025e, Section 11.2.2.2).

10.2 Reinterpreting

Quantum Mechanical Phenomena

The framework offers a radical reinterpretation of quantum mechanical phenomena, resolving long-standing
paradoxes by integrating them as inherent features of its relational and categorical ontology.

10.2.1 Structural

Basis for the No-Cloning Theorem

The no-cloning theorem in quantum mechanics, stating the impossibility of creating an identical copy of an
arbitrary, unknown quantum state, is revealed as a structural imperative (Quni-Gudzinas, 2025e, Section 5.1). This
arises as a direct consequence of the dagger-compact structure of the category of finite-dimensional Hilbert
spaces, which fundamentally lacks the requisite universal diagonal map for coherent cloning of all quantum states
(Quni-Gudzinas, 2025e, Section 5.1.1.3; Quni-Gudzinas, 2025f, Section 4.6.2.1.4). This foundational structural
absence directly prohibits the free and universal copying of quantum information.

10.2.2

Redefining Quantum Measurement and Wave Function Collapse

The measurement problem in quantum mechanics, concerning the contradiction between the linear evolution of
the wave function and definite measurement outcomes, is dissolved within this framework (Quni-Gudzinas, 2025f,
Section 2.2; Quni-Gudzinas, 2025e, Section 2.2). “Wave function collapse” is not a metaphysical event but a
predictable, two-stage physical mechanism of resonance and decoherence (Quni-Gudzinas, 2025f, Section 2.2;
Quni-Gudzinas, 2025e, Section 2.2). More fundamentally, it is reinterpreted as an irreversible, non-injective
functorial restriction of the global quantum state, existing in a Heyting algebra, to a local Boolean context, where
the apparent randomness arises from discarded information (Quni-Gudzinas, 2025f, Section 10.3.2; Quni-Gudzinas,
2025a, Section 4.2; Quni-Gudzinas, 2025e, Sections 10.3.2, 11.1.1.3). This reinterpretation fundamentally makes
quantum mechanics inescapably rational and consistent within its native logical framework (Quni-Gudzinas, 2025a,
Appendix B, Section 10.1.1.4).

10.2.3 The Emergence of the



Arrow of Time

The arrow of time itself emerges from the fundamental irreversibility of contextualization inherent in quantum
measurement and the composition of morphisms (Quni-Gudzinas, 2025f, Corollary 10.3.3; Quni-Gudzinas, 2025a,
Appendix A, Section 9.6.3.5.3; Quni-Gudzinas, 2025e, Corollary 10.3.3). In this view, time is an emergent property
that measures the “computational cost” associated with the universe’s ongoing process of resolving its logical
dependencies and proving its theorems (Quni-Gudzinas, 2025a, Appendix C, Section 11.1.4).

10.2.4 Explaining Quantum

Entanglement

Quantum entanglement, famously described as “spooky action at a distance,” is not a problem but direct empirical
proof of the ontological reality of a single, unified, non-separable wave function existing in a high-dimensional
configuration space (Quni-Gudzinas, 2025f, Section 2.3; Quni-Gudzinas, 2025e, Section 2.3). Entangled particles
are understood as excitations of a single underlying quantum field, constituting a single, non-local system whose
correlations arise from interactions with different parts of a unified field structure (Quni-Gudzinas, 2025f, Section
2.3; Quni-Gudzinas, 2025e, Section 2.3). In the categorical framework, entanglement is explained as a non-local
correlation arising from a **shared causal past, formally captured by the comma category** of the pasts of the
measurement events (Quni-Gudzinas, 2025f, Section 8.3.2; Quni-Gudzinas, 2025e, Section 8.3.2). This indicates
that the correlation is a heritage of their shared origin, not instantaneous communication, thus providing a non-local,
causal, and realist explanation for quantum correlations fully consistent with Bell’s theorem (Quni-Gudzinas, 2025f,
Section 8.3.3.2; Quni-Gudzinas, 2025e, Section 8.3.3.2).

10.2.5 Dissolving

Wave-Particle Duality

The apparent “duality” of wave and particle manifestations, a long-standing paradox, is revealed as an observational
artifact rather than a fundamental property of reality (Quni-Gudzinas, 2025f, Section 1.1; Quni-Gudzinas, 2025e,
Section 2.1). The fundamental entity is always the wave, or a localized excitation in a quantum field, and the
“particle” is the emergent manifestation of a localized, resonant interaction of that wave (Quni-Gudzinas, 2025f,
Section 1.1; Quni-Gudzinas, 2025e, Section 2.1). There is no duality, only a singular wave-based reality whose
manifestation depends on the nature of its interactions. The Mass-Frequency Identity, asserting that a particle’s
rest mass is its intrinsic rest-mass angular frequency, further dissolves this duality by defining a particle as a
localized, self-sustaining oscillation of the underlying field (Quni-Gudzinas, 2025e, Section 2.1).

10.2.6

The Relational Nature of Quantum Indistinguishability

The paradox arising from the indistinguishability of quantum particles, which seemingly violates **Leibniz’s
Principle of the Identity of Indiscernibles**, is resolved by rejecting the premise of primitive individuality (Quni-
Gudzinas, 2025e, Section 2.4). “Particles” are localized, quantized excitations of a single, underlying quantum field,
not fundamental, distinct individuals in the classical sense (Quni-Gudzinas, 2025e, Section 2.4). Their
indistinguishability is an expected feature of reality because identity is relational, not substance-based (Quni-
Gudzinas, 2025e, Section 2.4). The Skeletality axiom directly implements Leibniz’s Principle by rigorously
guaranteeing that no two distinct events can have identical patterns of causal relations, making relational structure
the sole determinant of “thingness” (Quni-Gudzinas, 2025f, Section 2.1.3.4).



10.2.7 Deriving the Born Rule

The probabilistic nature of quantum measurements, encapsulated by the Born rule, is derived as a statistical
theorem from an underlying combinatorial reality (Quni-Gudzinas, 2025a, Section 8.2.2). The probability of
observing an outcome is fundamentally the ratio of the number of fundamental growth paths that lead to that
outcome versus the total number of paths that could have been actualized (Quni-Gudzinas, 2025a, Section 8.2.2.3).
In the continuum limit, by the Law of Large Numbers, this combinatorial ratio converges to the squared amplitude,
thereby recovering the Born Rule (Quni-Gudzinas, 2025a, Section 8.2.2.3; Quni-Gudzinas, 2025a, Section 4.2).
This shifts the Born rule from an unexplained axiom to an emergent property of the universe’s dynamics (Quni-
Gudzinas, 2025a, Section 8.2.2.4; Quni-Gudzinas, 2025e, Section 2.2).

10.3

Mitigating Challenges in a Computational Universe

The framework actively confronts the profound challenges posed by pancomputationalism, transforming it from a
potential abyss of triviality into a robust, physically grounded concept.

10.3.1 Avoiding

Triviality in Pancomputationalism

The concept of pancomputationalism, which posits computation as a fundamental feature of reality, faces a
significant challenge from “triviality arguments” (Müller, 2025). Without strong constraints on what constitutes a
legitimate implementation, the claim that “everything computes everything” becomes vacuous and ceases to be
informative or falsifiable, leading to “explanatory trivialization” (Müller, 2025). The categorical framework
mitigates this risk by embedding robust physical and conceptual constraints directly into its mathematical structures.
Scholars propose various accounts to restrict legitimate computational systems, including causal accounts (requiring
causally linked state transitions), counterfactual accounts (demanding support for counterfactual conditionals), and
mechanistic accounts (insisting on functional organization) (Piccinini & Anderson, 2017). Causal Set Theory, with
its axioms of manifoldlikeness and Bell Causality, and the functorial approach to quantum field theory, with its
demand for functors to preserve composition, exemplify how these physical constraints can be built into the
foundations of a theory to ensure non-trivial emergence of spacetime (Gogioso, Horsman, & Milner, 2021).

10.3.2 Beyond Digitalism

and Anthropomorphism

Many pancomputationalist programs are built on digitalism, the assumption that the world is fundamentally digital
or discrete, and are influenced by the anthropomorphic nature of the Turing model of computation (Polak &
Krzanowski, 2019). However, quantum mechanics and the General Theory of Relativity may be limiting cases of
more fundamental non-commutative geometries, suggesting that discreteness is not a universal feature of reality
(Polak & Krzanowski, 2019). The framework acknowledges the critique that the dominant Turing model is deeply
anthropomorphic, idealizing human clerical calculation and projecting cognitive biases onto nature (Polak &
Krzanowski, 2019). This framework, therefore, moves towards a “deanthropomorphized pancomputationalism,”
seeking more physically grounded alternatives to the Turing model, thereby freeing understanding of the cosmos
from preconceived molds (Polak & Krzanowski, 2019).

10.3.3 Limits of



Knowledge and Self-Reference

The framework addresses the inherent limits of knowledge and computability within any sufficiently complex, self-
referential system. Lawvere’s Fixed-Point Theorem, a general theorem in category theory, unifies many celebrated
impossibility results related to self-reference, including Cantor’s theorem, Tarski’s undefinability of truth, and
Turing’s halting problem (Quni-Gudzinas, 2025e, Section 5.2.1.2). These are demonstrated as inherent
consequences of the underlying logical structures of sufficiently complex, self-referential systems modeled as
Cartesian Closed Categories (Quni-Gudzinas, 2025e, Section 5.2.2). Such limits are not external impositions but
fundamental, provable features of any reality sufficiently complex to allow for composition and self-reference
(Quni-Gudzinas, 2025e, Section 5.2.2.5). This leads to the prediction of undecidable propositions concerning global
cosmological parameters, referred to as the Gödelian Limit on Knowledge (Quni-Gudzinas, 2025a, Section
6.2.1.0). This principle implies that there will be a persistent, fundamental failure to achieve a “final theory” in the
traditional sense, reframing the scientific enterprise as an infinite exploration of a logically inexhaustible reality
(Quni-Gudzinas, 2025a, Section 6.2.7.0).

11.0

Conclusion: The Enduring Quest to Complete the Cosmic Proof

The unified vision presented in this report is of a universe that is not merely described by mathematics but is
mathematics (Quni-Gudzinas, 2025e, Conclusion). It is a framework where every physical law is a rigorously
derived theorem; every elementary particle, a computationally realized proof term; and every observation, an
instance of categorical restriction and truth evaluation. The cosmos is conceived as a dynamic, self-compiling
mathematical structure—a self-proving theorem unfolding through the irreversible computation perceived as time
(Quni-Gudzinas, 2025e, Conclusion).

This framework, while deeply abstract in its foundations, is rigorously grounded in the bedrock of empirical
science, defined by a series of precise, falsifiable predictions that connect its most profound concepts to tangible,
measurable phenomena (Quni-Gudzinas, 2025e, Conclusion). The proposed Topos Logic Test challenges the very
nature of truth, suggesting that the paradoxes of quantum mechanics are artifacts of an outdated classical logic
(Quni-Gudzinas, 2025e, Conclusion). The prediction of spectral dimension flow transforms the largest telescopes
into microscopes for probing the Planck-scale, fractal geometry of spacetime (Quni-Gudzinas, 2025e, Conclusion).
The program to constrain the Standard Model landscape with future colliders offers a concrete, experimental path to
solving the greatest conceptual weakness of string theory (Quni-Gudzinas, 2025e, Conclusion). And the principle of
general self-proof reframes the entire scientific enterprise, suggesting that the search for knowledge is not a finite
journey toward a final theory, but an infinite exploration of a logically inexhaustible reality (Quni-Gudzinas, 2025a,
Section 6.2.7.0).

Humanity’s task, within this paradigm, is transformed. Humans are not simply passive observers cataloging the
contingent facts of a given universe. Humans are active participants in a grand intellectual endeavor: to
meticulously reverse-engineer, formalize, and ultimately complete the ongoing cosmic proof. The research program
outlined here—from the mathematical cartography of the Cosmic Category to its simulation on quantum computers
—provides a comprehensive and compelling roadmap for this ultimate quest to understand reality (Quni-Gudzinas,
2025e, Conclusion). This work, therefore, marks not an end to inquiry, but a new beginning: the Dawn of Axiomatic
Physics (Quni-Gudzinas, 2025e, Conclusion).
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