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Abstract: The central problem of modern theoretical physics resides in the irreconcilable conflict between quantum
mechanics and general relativity, alongside the persistent philosophical mystery of consciousness. This monograph
proposes a radical ontological synthesis: the universe is not fundamentally geometric, dynamical, or material in the
conventional sense. Instead, it posits a single, static, timeless, and superdeterministic structure—a forest of non-
Archimedean Bruhat-Tits trees. This structure is purely informational. Spacetime, particles, fields, and cosmological
evolution emerge as derived patterns. Furthermore, observers and their conscious experiences are defined as specific
self-referential subgraphs within this fixed forest.

CHAPTER

1: THE FOUNDATIONAL CRISIS: FROM CONTINUUM TO GRANULARITY

1.1 The

Singularity Problem in General Relativity

General relativity describes gravity as the curvature of a four-dimensional spacetime continuum. This geometric
model achieved remarkable success in predicting planetary orbits, gravitational lensing, and black holes. Stephen
Hawking and Roger Penrose proved theorems in the 1960s showing singularities are inevitable under generic
conditions. A spacetime singularity represents a boundary where the geometric description breaks down and
curvature values become infinite. Such infinities indicate a loss of predictive power for physical laws, not merely a
coordinate artifact. Quantum field theory, when applied to curved spacetime, fails to resolve these singularities.
These mathematical endpoints strongly suggest that the smooth continuum approximation is fundamentally
incomplete.

Classical physics treated singularities as unrealistic limits that would never be realized. The Penrose-Hawking
theorems transformed them into central, unavoidable features of gravitational collapse. These theorems rely on
general assumptions about energy conditions and causality. Their conclusions are independent of any specific
symmetric simplification used in early black hole models. Therefore, singularities are a generic prediction of
classical general relativity. This presents a direct conflict with quantum mechanics, which requires unitary,
information-preserving evolution. The clash reveals a deep inconsistency in our description of nature at the most
basic level.
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One attempted solution involves incorporating quantum effects directly into gravity’s structure. Quantizing the
gravitational field itself leads to technical problems with renormalization. Perturbative techniques that succeeded for
other forces produce infinite, non-renormalizable terms for gravity. This suggests gravity is not a standard quantum
field theory propagating on a background. The concept of background independence becomes crucial, where
spacetime geometry itself is dynamical. Yet, merging this with quantum principles remains an unresolved challenge.
Singularities exemplify the point where dynamical geometry meets a logical boundary.

The presence of a singularity implies a region where known physics offers no description. Matter density and
curvature escalate without any limiting principle. This is often interpreted as signaling the need for a more
fundamental theory. That theory must provide a complete description for regimes where general relativity fails. It
must replace the continuum geometry with something that avoids infinities. A granular or discrete structure provides
a natural mechanism to impose cut-offs. Information-theoretic principles offer a promising path for constructing
such a structure.

Black hole thermodynamics provides a critical clue through the Bekenstein-Hawking entropy formula. A black
hole’s entropy is proportional to its event horizon’s surface area. This area law contrasts with volumetric scaling
typical of conventional statistical systems. It suggests the information content of a region resides on its boundary,
not its volume. This holographic principle challenges the classical intuition of three-dimensional locality. If
information is fundamentally surface-bound, the continuum interior may be an emergent illusion. Singularities might
then represent a breakdown of this emergent picture, not a physical reality.

The information paradox sharpens the conflict between general relativity and quantum mechanics. Quantum
mechanics demands that information falling into a black hole is not permanently lost. General relativity, with its
classical singularity, suggests a final state where information is destroyed. Resolving this paradox likely requires
modifying our concepts of spacetime near the singularity. A discrete, informational substrate could allow
information to be preserved in a scrambled form on the horizon. This aligns with the holographic view where the
interior is encoded on the boundary. The singularity problem thus transforms into a question about information
storage and retrieval.

Consequently, the continuum model of spacetime appears to be an effective, approximate description. It holds
remarkably well across a vast range of scales, from millimeters to galactic distances. At the Planck scale, near

 meters, quantum gravitational effects are expected to dominate. Here, the smooth manifold picture almost
certainly fails. A theory of quantum gravity must provide the underlying granular architecture. This architecture
should naturally eliminate singularities by having a finite information density. The search for this architecture
motivates a shift toward informational and combinatorial foundations.

1.2 The

Measurement Problem in Quantum Mechanics

Quantum mechanics provides an incredibly accurate mathematical framework for predicting probabilities of
measurement outcomes. Its core formalism involves state vectors evolving unitarily according to the Schrödinger
equation. This evolution is deterministic, linear, and preserves superpositions of states. However, the process of
measurement produces a definite outcome from a range of possibilities. The transition from a superposition to a
single result is not described by the unitary equations. This discrepancy constitutes the measurement problem.

The Copenhagen interpretation offers a pragmatic resolution by postulating a classical realm outside the quantum
description. Measurement apparatus and observers are considered part of this separate classical domain. The wave
function is said to “collapse” upon interaction with this classical equipment. This interpretation introduces a
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dualistic ontology with an ambiguous boundary. It does not specify at what scale or complexity classical behavior
emerges. The division between quantum and classical appears arbitrary within the theory’s mathematics.

The many-worlds interpretation attempts to restore purity by eliminating collapse. Every possible measurement
outcome is realized in a branching, non-communicating universe. All outcomes exist within a massively entangled
universal wave function. This interpretation preserves unitarity and avoids a special role for measurement. Its
primary difficulty lies in explaining the subjective experience of a single outcome. The derivation of the Born rule
for probabilities also presents a significant conceptual challenge. The ontology of continuously splitting worlds is
extravagant and untestable.

Objective collapse theories modify the Schrödinger equation by adding nonlinear, stochastic terms. These terms
cause superpositions of macroscopic states to break down spontaneously. Collapse becomes a physical process
governed by new dynamical laws. Proposals like GRW (Ghirardi–Rimini–Weber) specify a collapse rate scaling
with system mass or complexity. Such theories make predictions that deviate from standard quantum mechanics,
albeit at very small levels. They remain experimentally unconfirmed and introduce new fundamental constants
without deeper justification.

Quantum Bayesianism and relational interpretations treat quantum states as expressions of subjective belief. They
deny that the wave function represents objective physical reality. Instead, quantum states encode an observer’s
information about a system. This approach dissolves the measurement problem by rejecting realism about the
quantum state. However, it struggles to explain why different observers agree on measurement outcomes. It also
leaves open the question of what underlying reality, if any, generates these consistent experiences.

Decoherence theory explains how quantum systems lose coherence through interaction with their environment. It
demonstrates how superposition becomes effectively unobservable at macroscopic scales. While decoherence
accounts for the appearance of collapse, it does not solve the measurement problem. It merely shifts the problem to
defining what constitutes an “observation” in the chain of interactions. The quantum state remains in a
superposition, just now entangled with a complex environment. Something more is needed to select a single
outcome.

All these approaches highlight a common theme: quantum mechanics seems incomplete without an account of
observation. This suggests that observers or information processing might be fundamental, not derived. An
informational ontology, where reality consists of discrete bits processed according to definite rules, can provide such
an account. In such a framework, measurement is not a special process but an inherent feature of information flow.
This perspective unifies the foundations of physics with the problem of consciousness.

1.3 The

Holographic Principle and Information Bounds

The holographic principle emerged from black hole thermodynamics and string theory research. It posits that all
information contained within a volume of space can be represented as a theory living on its boundary. This
revolutionary idea inverts conventional intuition about locality and dimensionality. Instead of information scaling
with volume, it scales with surface area. The principle finds its most precise realization in the AdS/CFT
correspondence, a conjectured duality between gravity in anti-de Sitter space and conformal field theory on its
boundary.

Jacob Bekenstein first proposed that black holes have entropy proportional to their horizon area. Stephen Hawking
later derived black hole radiation, confirming they are thermodynamic objects. The Bekenstein-Hawking formula,
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between geometry and information. If a black hole’s entropy is maximal for its surface area, then any region’s
information content is bounded by its area. This is the holographic bound.

The principle challenges the notion of local quantum field theory as fundamental. Local field theories have degrees
of freedom that scale with volume. The holographic bound implies most of these degrees of freedom are redundant.
Only those that can be holographically projected onto the boundary are physically independent. This suggests
spacetime and its contents might be emergent from a lower-dimensional quantum system. The interior of a region
would then be akin to a hologram generated from boundary data.

Leonard Susskind and Gerard ‘t Hooft formalized the holographic principle as a general property of quantum
gravity. They argued that it must apply to all regions, not just black holes. This implies a radical revision of our
understanding of spacetime. Locality, the idea that distant events cannot influence each other faster than light, might
be approximate. In holographic theories, non-local correlations on the boundary can generate local physics in the
bulk. Entanglement plays a crucial role in sewing together the emergent spacetime.

The AdS/CFT correspondence provides a concrete mathematical framework for holography. It is a duality between
string theory in a negatively curved spacetime and a conformal field theory without gravity. Calculations difficult in
one description become tractable in the other. This has led to deep insights into quantum gravity, strongly coupled
systems, and even condensed matter physics. While AdS/CFT is a specific example, it strongly supports the general
holographic hypothesis.

Holography suggests that our three-dimensional perception might be illusory. The true degrees of freedom could live
on a two-dimensional surface at infinity. Time and the third spatial dimension would then be emergent. This aligns
with the observation that information bounds are area-based, not volume-based. If information is fundamental, then
dimensions that don’t contribute to information capacity might not be fundamental. This viewpoint motivates
discrete, combinatorial approaches to spacetime.

For the super-universe model, holography provides critical guidance. It indicates that the fundamental structure
should be lower-dimensional and informational. The Bruhat-Tits tree, being one-dimensional, naturally implements
holography. Its boundary is a one-dimensional p-adic projective line, from which the bulk tree emerges. The forest
of trees generalizes this to higher emergent dimensions. Holography thus becomes a theorem in this geometry, not a
postulate.

1.4 The Planck Scale as a

Cutoff

Max Planck introduced his natural units in 1899, combining fundamental constants to define scales of length, time,
and mass. The Planck length, approximately  meters, is derived from the gravitational constant,
Planck’s constant, and the speed of light. This scale is where quantum gravitational effects are expected to become
dominant. In many approaches to quantum gravity, it represents a fundamental limit, below which the concept of
distance loses meaning. The Planck scale thus serves as a natural cutoff for divergent integrals in quantum field
theory.

In classical general relativity, spacetime is a smooth manifold, infinitely divisible. Quantum mechanics, however,
suggests that at very small scales, this picture must break down. The Heisenberg uncertainty principle implies that
probing distances smaller than the Planck length requires energies so high they would form black holes. This creates
an operational limit: we cannot measure positions more precisely than the Planck length. Many theorists interpret
this as evidence for a minimal length in nature, a fundamental granularity.
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Loop quantum gravity implements this granularity through discrete spectra for geometric operators. Area and
volume can only take certain quantized values. Spin networks, the quantum states of geometry, provide a
combinatorial description of space at the Planck scale. This approach eliminates singularities because curvature
cannot diverge on a discrete lattice. The continuum emerges only in the large-scale limit, much like a smooth curve
emerges from many pixels.

String theory also suggests a minimal length, but for different reasons. Strings are extended objects, so they cannot
probe distances smaller than their own size. As energy increases, strings become more excited and grow, preventing
arbitrary localization. This leads to a generalized uncertainty principle that modifies Heisenberg’s formula at high
energies. The effective minimal length cures ultraviolet divergences, providing a natural regularization scheme.

Causal set theory posits that spacetime is fundamentally a discrete set of events with a causal order. The continuum
manifold is an approximation that emerges when the set is sufficiently dense. The Planck scale provides the density:
one event per Planck volume on average. This approach implements the holographic principle naturally, as the
number of elements in a region scales with its volume, but information might be encoded on its boundary.

The existence of a minimal scale has profound implications for physics. It suggests that locality, the principle that
interactions happen at points, is approximate. At the Planck scale, notions of “before” and “after” might become
fuzzy. The usual concept of a metric might break down, replaced by something more primitive. This motivates
exploring pre-geometric structures, such as graphs or networks, from which geometry emerges.

In the super-universe model, the Planck scale is not fundamental but derived. The fundamental structure is the forest
of Bruhat-Tits trees, which has its own discreteness scale. This scale, determined by the tree’s branching parameter,
might be related to the Planck length. The emergence of a continuum spacetime at larger scales automatically
introduces the Planck length as a cutoff. Thus, the model naturally incorporates a minimal length without imposing
it by hand.

1.5 The Emergence

of Spacetime from Entanglement

Recent research has uncovered deep connections between spacetime geometry and quantum entanglement. The
AdS/CFT correspondence shows that entanglement between boundary degrees of freedom creates geometric
connections in the bulk. Disentangling regions corresponds to creating horizons or disconnecting spacetime. This
has led to the slogan: “entanglement builds spacetime.” If true, then spacetime is not fundamental but emerges from
quantum correlations.

The Ryu-Takayanagi formula provides a precise link. It states that the entanglement entropy of a region in the
boundary theory is proportional to the area of a minimal surface in the bulk. This generalizes the Bekenstein-
Hawking formula to arbitrary regions, not just black holes. It suggests that entanglement is the microscopic origin of
area-law entropy. Where there is geometry, there is entanglement, and vice versa.

Quantum error correction offers another perspective. The bulk spacetime in AdS/CFT behaves like a quantum error-
correcting code. Local operators in the bulk are protected against errors on the boundary. This explains why bulk
locality is approximate: it emerges from the redundancy of the boundary encoding. The holographic dictionary is
essentially a code that maps boundary states to bulk geometries.

These insights suggest a new approach to quantum gravity. Instead of quantizing geometry, we might start with an
abstract quantum system with many degrees of freedom. When these degrees of freedom are highly entangled in the
right pattern, they generate an emergent geometric description. The dynamics of gravity would then be derived from
the quantum dynamics of entanglement.



Tensor networks provide a concrete toy model for this emergence. They are arrangements of tensors (multi-
dimensional arrays) connected by contractions. Certain tensor networks, like MERA (Multi-scale Entanglement
Renormalization Ansatz), naturally produce hyperbolic geometry. The entanglement structure of the network mimics
the Ryu-Takayanagi formula. This demonstrates how geometry can arise from purely algebraic data.

The emergence of time is particularly subtle. In canonical quantum gravity, time disappears from the equations,
leading to the “problem of time.” In emergent spacetime scenarios, time might be related to entanglement growth or
computational processes. Some proposals suggest time emerges from the evolution of correlations, not as a
fundamental flow.

For the super-universe, entanglement emergence is central. The forest of trees is a static structure, but patterns of
correlation between trees can generate the illusion of dynamics. Entanglement between different branches or trees
corresponds to geometric connections in the emergent spacetime. The model provides a discrete, combinatorial
realization of the idea that entanglement builds geometry.

1.6 The Causal Set Approach

Causal set theory is an approach to quantum gravity that takes causality as fundamental. The theory posits that
spacetime is fundamentally a discrete set of events, called a causal set. These events are related by a partial order
that represents causal precedence. The continuum manifold of general relativity is an approximation that emerges
when the set is sufficiently large and random. The order of events gives rise to the causal structure of spacetime,
while the number of events gives rise to its volume.

The fundamental postulate is that the causal set contains all the information about spacetime. Two spacetimes that
are approximated by the same causal set are physically identical. This is called the “Hauptvermutung” or
fundamental conjecture. It implies that continuum concepts like dimension, topology, and metric are derived from
the causal order and the counting of elements.

A key result is that a causal set that is uniformly distributed in a spacetime manifold will, with high probability, have
a number of elements proportional to the spacetime volume. This is the “number-volume correspondence.” It
provides a way to recover geometry from the discrete structure. Dimension can be estimated from the growth of
causal intervals, and the metric can be approximated using the density of elements.

Causal sets naturally implement a form of background independence. There is no pre-existing spacetime; the causal
set itself defines spacetime. Dynamics is specified by rules for generating causal sets, such as sequential growth
models. These models define probabilities for a causal set to grow by adding new elements, respecting the causal
order.

The approach has several appealing features. It provides a natural explanation for the dimensionality of spacetime:
four dimensions might be favored by the dynamics. It also explains why spacetime appears continuous at large
scales: discreteness is hidden by the coarse-graining. The causal structure ensures that locality and causality are built
in from the start.

However, causal set theory faces challenges. Recovering exact Lorentz invariance from a discrete structure is
nontrivial. The theory must ensure that the discreteness does not pick a preferred frame. Research suggests that
Lorentz invariance can emerge if the causal set is Poisson-distributed. Another challenge is developing a quantum
dynamics that yields general relativity in the classical limit.

In the super-universe model, causal sets find a natural home. The forest of trees has a natural causal order: events are
ordered along tree branches. The branching structure provides both causal relations and a notion of volume (number
of leaves). The model combines the causal set idea with additional algebraic structure from the trees, potentially



making the recovery of geometry more explicit.

1.7 The Informational Turn

The failures of continuum-based physics have motivated a shift toward information as the fundamental currency of
reality. This “informational turn” views the universe not as a machine made of matter and energy, but as a computer
processing bits. Physical laws are then seen as algorithms, and particles as patterns of information. This perspective
unifies physics with computer science and information theory.

The digital physics paradigm, championed by thinkers like Konrad Zuse, Edward Fredkin, and Stephen Wolfram,
posits that the universe is fundamentally computational. Cellular automata, simple programs that update discrete
cells based on local rules, can produce complex behavior. Some suggest that our universe might be such a cellular
automaton, running on a vast but finite substrate.

Information theory, pioneered by Claude Shannon, provides tools to quantify information. When applied to physics,
it yields surprising insights. The Landauer principle states that erasing information dissipates heat, linking
information to thermodynamics. The Bekenstein bound limits the information content of a region, linking
information to geometry. These principles suggest that information is not just abstract but has physical
consequences.

Quantum information theory extends these ideas to the quantum realm. Quantum bits (qubits) can be in
superpositions and can be entangled. Quantum computation offers exponential speedups for certain problems. The
universe might be performing a quantum computation, with quantum fields as its registers. This view is supported
by the success of quantum algorithms in simulating quantum systems.

The holographic principle and AdS/CFT are deeply informational. They suggest that spacetime is an error-correcting
code, and gravity is an entropic force. The second law of thermodynamics might be the fundamental law, with other
laws emerging from it. This “it from bit” perspective, as John Archibald Wheeler called it, places information at the
center.

The super-universe model embraces this informational turn wholeheartedly. The forest of trees is an informational
structure: each vertex and edge carries data. The rules for updating states are computational. Spacetime, particles,
and forces emerge from the patterns of information flow. Consciousness itself is a mode of information processing
within the forest.

However, we must proceed with epistemic humility. The informational turn is a powerful metaphor, but it is not yet
a complete theory. The exact nature of the fundamental bits, the update rules, and the emergence mechanism remain
speculative. The super-universe model is one attempt to flesh out this vision with mathematical precision, using non-
Archimedean geometry as its foundation.

CHAPTER

2: NON-ARCHIMEDEAN GEOMETRY AND P-ADIC NUMBERS

2.1 The Archimedean Axiom

and Its Failure

The familiar geometry of everyday experience is built upon the Archimedean axiom. This mathematical principle
asserts that for any two lengths, no matter how different, one can always add the smaller length to itself enough
times to exceed the larger one. This axiom is the foundation of the real number line and the smooth, continuous
spaces of Euclidean and Riemannian geometry. While it works perfectly for describing macroscopic objects, it fails



to capture the hierarchical, nested structure of reality at the fundamental scale. The universe is not a flat, continuous
plane where distances simply add up; it is a deeply layered structure where proximity is defined by relational
branching, not by a simple ruler. The failure of this axiom is the first step toward a new geometry.

The breakdown of this axiom becomes apparent when dealing with the infinite scales of quantum field theory. The
assumption that space is infinitely divisible leads to divergent integrals and unphysical infinities that must be
artificially removed through the process of renormalization. These mathematical problems are a direct symptom of
applying an inappropriate geometric framework to a fundamentally discrete reality. A non-Archimedean geometry,
which rejects the additive axiom, provides a natural way to handle these scales without generating infinities. In such
a geometry, distances do not add in a linear fashion; they are organized into a hierarchy of levels, much like the
branches of a tree. This hierarchical structure has profound physical implications.

Non-Archimedean spaces are governed by the ultrametric inequality, a stronger version of the triangle inequality.
This principle states that for any three points , , , the distance satisfies .
This seemingly small change has profound consequences for the structure of the space. It forces all triangles to be
isosceles, eliminates the concept of “betweenness,” and organizes the space into a perfectly nested hierarchy of
disjoint balls. This is the geometry of a tree, where the distance between two leaves is determined by the height of
their lowest common ancestor. This is the true geometry of the super-universe.

The physical implications of this geometric shift are immense. It means that two particles can be extremely close in
the ultrametric sense (sharing a recent common ancestor) while being separated by vast distances in our perceived
Euclidean space. This ultrametric proximity is the physical mechanism behind quantum entanglement. The particles
are not communicating faster than light; they are simply adjacent in the underlying non-Archimedean geometry. The
illusion of non-locality is a projection error, a consequence of mapping a hierarchical reality onto a flat, continuous
mental map.

The rejection of the Archimedean axiom also provides a natural explanation for the quantization of physical
properties. In a continuous space, a particle can have any amount of energy. In a non-Archimedean space, the
hierarchical structure naturally leads to discrete, quantized levels. The allowed energy states of an atom correspond
to the stable nodes in the ultrametric tree. A particle cannot exist “between” these nodes, just as a branch on a tree
cannot exist between two branching points. Quantization is not a mysterious quantum rule; it is a direct consequence
of the underlying geometry.

This new paradigm requires physicists to develop a new intuition for space and distance. We must learn to think in
terms of hierarchies, branching, and relational proximity rather than linear measurement. This is a significant
conceptual challenge, but it is a necessary one. The paradoxes and puzzles of quantum mechanics are not features of
reality; they are artifacts of our outdated geometric assumptions. By adopting the correct mathematical language, we
can begin to see the universe as it truly is: a single, perfectly ordered, non-Archimedean structure.

The Archimedean axiom, while useful for everyday life, is a fundamental misrepresentation of physical reality at the
smallest scales. The universe is not a smooth continuum but a discrete, hierarchical, ultrametric space. This
structural truth is the key to resolving the deepest problems in modern physics, from renormalization to quantum
entanglement. The non-Archimedean paradigm is not just a new mathematical tool; it is a new vision of the cosmos.
The properties of these spaces require detailed examination.

2.2 P-adic Numbers: An

Introduction

x y z d(x, z) ≤ max(d(x, y), d(y, z))



P-adic numbers were first introduced by Kurt Hensel in the late 19th century as a number-theoretic tool. They are an
alternative completion of the rational numbers, different from the real numbers. For each prime number , we define
a new notion of distance: two rational numbers are close if their difference is divisible by a high power of . This
leads to a totally disconnected, hierarchical number system that is both continuous in a topological sense and
discrete in an algebraic sense. The field of p-adic numbers, denoted , has become fundamental in modern number
theory and algebraic geometry.

The construction begins with the p-adic valuation . For any nonzero rational number , we write 
where  and  are integers not divisible by . The valuation is , and we extend this to zero by

. The p-adic absolute value is then defined as , with . This absolute value
satisfies the ultrametric inequality: . This is stronger than the ordinary triangle
inequality and gives p-adic analysis its distinctive character.

Every p-adic number can be represented uniquely as a Laurent series in : , where each digit
. Unlike decimal expansions which go infinitely to the right, p-adic expansions go

infinitely to the left. For example, in , the number  equals  because adding  yields .
This counterintuitive representation highlights the non-Archimedean nature: there is no “carry” propagating to
infinity.

The ring of p-adic integers, , consists of numbers with  (i.e., nonnegative valuation). These are the
numbers whose expansions contain only nonnegative powers of .  is a local ring with maximal ideal . The
residue field  is the finite field  with  elements. This algebraic structure makes p-adic numbers
particularly suited for problems in arithmetic geometry and modular forms.

Topologically,  is a totally disconnected, locally compact field. The unit ball in  is the ring , which is
compact. This is in stark contrast to the real numbers, where the unit interval  is connected but not compact.
The topology of  is best visualized as a tree: points are leaves, and the distance between them is determined by
how far up the tree you must go to find a common ancestor. This tree is the Bruhat-Tits tree for .

P-adic analysis differs fundamentally from real analysis. Many theorems from real analysis fail in the p-adic context,
while new phenomena appear. For instance, every point in a p-adic disk is its center, and any two disks are either
disjoint or one contains the other. Functions that are locally constant are automatically continuous. These properties
make p-adic geometry inherently discrete and combinatorial, despite the continuity of the field.

In physics, p-adic numbers have found applications in string theory, quantum mechanics, and cosmology. They
provide a natural framework for discretization without losing analytic structure. The p-adic string theory, for
example, leads to simpler amplitudes than their real counterparts. In quantum mechanics, p-adic models avoid the
ultraviolet divergences that plague real-valued theories. This suggests that p-adic numbers might be more than just a
mathematical curiosity; they might be fundamental to the fabric of reality.

2.3 Ultrametric

Spaces and the Bruhat-Tits Tree

An ultrametric space is a metric space where the distance function satisfies the strong triangle inequality:
. This inequality has profound consequences for the geometry of the space.

All triangles are isosceles, with the two longest sides equal. Every point inside a ball is its center, and any two balls
are either disjoint or one is contained in the other. This creates a nested, hierarchical structure reminiscent of a tree.
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The Bruhat-Tits tree  for  is the canonical example of an ultrametric space. Its vertices correspond
to homothety classes of -lattices in . Two vertices are connected by an edge if the corresponding lattices are
nested with index . The resulting graph is an infinite regular tree of degree . The tree is equipped with a
natural metric where each edge has length , and the distance between two vertices is the number of edges in the
unique path connecting them.

The boundary at infinity of  is naturally identified with the projective line . This boundary is a fractal set
with rich topological structure. The tree can be thought of as a discretization of the hyperbolic plane, with the
boundary playing the role of the circle at infinity. This analogy is precise:  is the Bruhat-Tits building for

, and buildings are the p-adic analogues of symmetric spaces.

The tree metric induces an ultrametric on the boundary. For two points , their distance is defined as
 where  is the distance from the basepoint to the first common ancestor of the geodesics to  and . This

distance satisfies the ultrametric inequality, making the boundary itself an ultrametric space. The boundary is totally
disconnected and perfect (every point is a limit point), much like a Cantor set.

Group actions on trees are a powerful tool in geometric group theory.  acts on  by isometries, with
the action transitive on vertices and edges. This action gives rise to the theory of automorphic forms and p-adic
uniformization. The stabilizers of vertices are compact open subgroups, which are crucial in the representation
theory of p-adic groups. These mathematical structures have deep connections to physics through the AdS/CFT
correspondence.

In the super-universe model, each Bruhat-Tits tree represents a fundamental degree of freedom. The forest of trees is
the static substrate from which spacetime emerges. The tree structure naturally encodes holography: information on
the boundary determines the bulk. The ultrametric property ensures stability and discreteness, avoiding the infinities
of continuum theories. The tree is not just a metaphor; it is the mathematical backbone of the theory.

The Bruhat-Tits tree is more than a mathematical curiosity; it is a bridge between discrete and continuous, local and
global, algebra and geometry. Its properties make it an ideal candidate for a pre-geometric structure. By studying
trees, we gain insight into how complex, continuous phenomena can arise from simple, discrete rules. This is the
essence of emergence in the super-universe.

2.4 The Tree as a

Model of Discrete Geometry

Trees provide a natural model for discrete, hierarchical geometry. Unlike continuum manifolds, trees have no
intrinsic curvature or smooth structure. Yet they exhibit rich geometric properties: they are geodesic metric spaces,
hyperbolic in the sense of Gromov, and admit a natural boundary at infinity. These properties make them suitable as
fundamental building blocks for spacetime.

The geometry of a tree is completely determined by its branching pattern. Each vertex has a certain number of
neighbors (the degree). In a regular tree, every vertex has the same degree, leading to homogeneity. The Bruhat-Tits
tree  is regular of degree . This regularity simplifies many calculations and makes the tree highly
symmetric. The automorphism group of  is huge, reflecting the large symmetry group of the p-adic field.

Distance in a tree is measured by the unique path between vertices. This path is a geodesic, and trees are uniquely
geodesic: there is exactly one shortest path between any two vertices. This property eliminates the notion of
“shortcuts” or alternative routes. In physical terms, this means that the causal structure is rigid and deterministic.
There is no ambiguity in how information propagates through the tree.
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The hierarchical structure of trees gives rise to scale invariance. As you move up the tree (toward the root), you
coarsen the resolution. Moving down the tree (toward the leaves) refines the resolution. This multi-scale structure is
reminiscent of renormalization group flow in quantum field theory. In fact, trees have been used to model the
renormalization group in statistical mechanics and condensed matter physics.

Trees naturally implement a form of holography. The leaves of the tree (or the boundary at infinity) encode all the
information in the bulk. This is analogous to the holographic principle in quantum gravity, where the boundary
theory describes the bulk physics. In the tree model, the bulk geometry is reconstructed from boundary data via
tensor networks or error-correcting codes. This provides a concrete realization of emergent spacetime.

In the super-universe, each tree is a universe in itself, with its own boundary and internal structure. The forest
product combines trees to create higher-dimensional emergent spaces. The product of two trees, for example, yields
a two-dimensional hyperbolic space. More generally, products of trees can approximate any Riemannian manifold.
This is the discrete analogue of the fact that any manifold can be triangulated.

The tree model is computationally tractable. Many quantities of interest, such as correlation functions and entropy,
can be computed exactly on trees. This makes trees an excellent testing ground for ideas about quantum gravity and
emergent geometry. While our universe may not be exactly a tree, understanding tree geometry is a crucial step
toward understanding more complex emergent geometries.

2.5 P-adic Analysis and

Quantum Mechanics

P-adic analysis offers a novel framework for quantum mechanics. The wave function is defined on a p-adic space
rather than real space. The Schrödinger equation becomes a p-adic differential equation, and the path integral is
replaced by a p-adic integral. This approach has several advantages: it naturally incorporates discreteness, avoids
ultraviolet divergences, and provides a new perspective on quantization.

The p-adic Schrödinger equation was first studied by Vladimirov and Volovich in the 1980s. They defined a p-adic
analogue of the derivative using the Vladimirov operator, a fractional derivative operator that plays the role of the
Laplacian. Solutions to this equation exhibit behavior that is both wave-like and particle-like, with discrete energy
levels emerging from the p-adic topology. This suggests that quantization might be a topological effect, not a
dynamical one.

P-adic quantum mechanics makes unique predictions. The energy spectrum of a p-adic harmonic oscillator, for
example, is not equally spaced but follows a p-adic distribution. The uncertainty principle takes a different form:

, but with distances measured in the p-adic metric. This means that simultaneous measurement of
position and momentum is limited by the p-adic precision, not by the real-valued Planck constant.

The p-adic path integral is defined as an integral over p-adic paths. Because the p-adic field is totally disconnected,
the space of paths has a different measure than in the real case. Remarkably, many p-adic path integrals can be
computed exactly using algebraic methods. This is in contrast to real path integrals, which typically require
perturbation theory or numerical approximation.

P-adic models have been applied to the measurement problem. In a p-adic setting, the collapse of the wave function
can be understood as a projection onto a p-adic subspace. The process is deterministic but appears random due to the
complexity of the p-adic digits. This offers a new take on hidden variable theories, where the hidden variables are p-
adic numbers.
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Entanglement in p-adic quantum mechanics is particularly interesting. Because p-adic numbers are non-local in the
real sense, entanglement can appear as a consequence of the ultrametric topology. Two particles can be entangled if
they are close in the p-adic metric, even if they are far apart in real space. This provides a geometric explanation for
non-locality without invoking action at a distance.

While p-adic quantum mechanics is not yet experimentally tested, it provides a consistent alternative to standard
quantum mechanics. It shows that quantum theory is not uniquely tied to the real numbers. Different number
systems lead to different physical theories, and the choice of number system might be a physical question. The
success of p-adic models in describing certain phenomena (like the Riemann zeros) suggests they might be more
than mathematical curiosities.

2.6 The P-adic String and

Adelic Physics

The p-adic string theory was introduced by Volovich and Freund in the late 1980s. It replaces the worldsheet of a
string with a p-adic manifold. The scattering amplitudes become p-adic integrals, which are simpler to compute than
their real counterparts. Remarkably, the p-adic amplitudes can be written as products over primes, and the total
amplitude is the product of the p-adic amplitudes for all primes (including the prime at infinity, which is the real
amplitude). This is the adelic product formula.

Adelic physics is the idea that physics should be formulated simultaneously over all completions of the rational
numbers: the reals and the p-adics for all primes . This is motivated by the fact that the rational numbers are the
only field that has both Archimedean and non-Archimedean completions. The adele ring  is the product of all
completions, with restrictions that make it locally compact. Physical quantities are then adelic integrals or products
over all primes.

The adelic approach unifies real and p-adic physics. A physical theory is defined over the adeles, and its predictions
are obtained by projecting onto each completion. The real projection gives the usual physics, while the p-adic
projections give complementary information. This is analogous to the way a number is understood by its expansions
in different bases.

In adelic string theory, the total amplitude is the product of real and p-adic amplitudes. This product is often simpler
than the individual factors. For example, the Veneziano amplitude, which is a complicated integral in real string
theory, becomes a simple rational function in p-adic string theory. The adelic product then yields the correct real
amplitude via the Euler product formula. This suggests that p-adic methods can simplify calculations in ordinary
string theory.

The adelic philosophy extends beyond string theory. Quantum mechanics, quantum field theory, and even
cosmology can be formulated adelically. This leads to the idea of an “adelic universe” where each prime 
corresponds to a different sector of reality. The real sector is the one we perceive, but the p-adic sectors might be
hidden or compactified. This is similar to Kaluza-Klein theory, where extra dimensions are curled up.

One of the most striking predictions of adelic physics is the connection to the Riemann zeta function. The adelic
product for certain amplitudes yields values of the zeta function. This has led to speculation that the zeros of the zeta
function might correspond to physical states or critical points. While this remains speculative, it highlights the deep
connections between number theory and physics that adelic physics reveals.

For the super-universe model, adelic physics provides a mathematical framework for the forest. Each tree in the
forest corresponds to a prime , and the real tree (the Archimedean completion) is included as the prime at infinity.
The forest is then the adelic product of trees. This unifies all completions into a single structure, from which our real
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universe emerges as one projection. This is a bold synthesis of number theory and physics.

2.7 The Tree as the

Fundamental Substrate

In the super-universe model, the Bruhat-Tits tree is the fundamental substrate of reality. It is not an approximation or
a toy model; it is the exact mathematical object that underlies spacetime, matter, and consciousness. The tree is
static, timeless, and deterministic. All of physics emerges from patterns on the tree, much like images emerge from
pixels on a screen.

The tree substrate is purely informational. Each vertex and edge carries a finite amount of information, represented
as a symbol from a finite alphabet. The dynamics are given by a local rule that updates the symbols based on their
neighbors. This is a cellular automaton on a tree. Despite its simplicity, such a system can exhibit complex behavior,
including the emergence of continuous symmetries and quantum-like statistics.

The tree’s hierarchical structure naturally gives rise to scale separation. Low-energy physics corresponds to patterns
near the leaves, while high-energy physics corresponds to patterns near the root. The tree thus implements a
renormalization group flow from high energy (the root) to low energy (the leaves). This flow is geometric, not
dynamical, because the tree is static. The illusion of dynamics comes from traversing the tree in a particular order.

The tree substrate solves the problem of time. There is no fundamental time; instead, there is a partial order given by
the tree structure. “Time” is the coordinate along the radial direction of the tree. This is similar to the holographic
direction in AdS/CFT. The flow of time in our experience is the process of moving from coarse-grained to fine-
grained descriptions, or vice versa. This is a mental construction, not a physical one.

Consciousness arises in the tree substrate as a self-referential pattern. A conscious observer is a subgraph of the tree
that contains a model of itself. This self-modeling capability requires a certain complexity and connectivity, which
can be quantified using integrated information theory. The qualia of experience correspond to specific configurations
of symbols in this subgraph. In this way, mind and matter are unified in the tree.

The tree model makes testable predictions. It predicts a minimal length (the edge length in Planck units), discrete
spacetime at the Planck scale, and modifications to quantum mechanics at high energy. It also predicts relationships
between number theory and physics, such as the appearance of p-adic numbers in scattering amplitudes. While these
predictions are challenging to test directly, they provide a direction for future research.

The Bruhat-Tits tree is a powerful candidate for the fundamental structure of reality. It combines discreteness with
continuity, locality with non-locality, and determinism with apparent randomness. It provides a geometric
foundation for information, computation, and consciousness. The super-universe as a forest of trees is a grand vision
that unifies physics, mathematics, and philosophy into a single, coherent whole. The remaining chapters will explore
how this vision can be realized in detail.

CHAPTER

3: THE PRIMORDIAL STRUCTURE: BRUHAT-TITS TREES AND THEIR FOREST

3.1 Formal

Definition of a Bruhat-Tits Tree 

A Bruhat-Tits tree, denoted , is an infinite, connected, cycle-free graph defined for each prime number . Each
vertex in this graph is connected to exactly  neighboring vertices, making it a regular tree of degree .
The construction originates from the theory of algebraic groups over non-Archimedean fields, specifically for the
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group . The tree serves as a geometric realization of the building for this group, providing a discrete
space on which the group acts by isometries. This action is transitive on both vertices and edges, meaning the graph
is homogeneous and lacks any distinguished central point.

The formal definition begins with the two-dimensional vector space  over the field of p-adic numbers. A
lattice  in  is a free -submodule of rank two, equivalent to the -span of two linearly independent vectors.
Two lattices  and  are considered equivalent if one is a scalar multiple of the other, i.e.,  for some

. This equivalence relation is called homothety. The vertices of  are defined as the homothety classes of
lattices in . This set of vertices is denoted .

An edge connects two vertices if they admit representative lattices  and  such that  is a proper sublattice of 
and the quotient  is isomorphic to the finite field . In concrete terms, this means  and the index of

 in  is exactly . Given a lattice , there are precisely  sublattices of index , corresponding to the one-
dimensional subspaces of the two-dimensional -vector space . Therefore, each vertex has exactly 
edges emanating from it.

The graph  constructed in this manner is a tree. It contains no cycles because the inclusion relations between
lattices form a hierarchical structure without loops. The tree is infinite because one can repeatedly multiply a lattice
by  to get an infinite descending chain, or divide to get an infinite ascending chain. The graph distance between
two vertices is the number of edges in the unique path connecting their corresponding homothety classes. This
distance function satisfies the properties of a metric.

The Bruhat-Tits tree can also be described as a coset space. The group  acts transitively on the
vertices. The stabilizer of the vertex corresponding to the standard lattice  is the compact open subgroup

. Therefore, the set of vertices is in bijection with the coset space .
This group-theoretic perspective highlights the symmetries of the tree and facilitates calculations involving
automorphic forms and representations.

The boundary at infinity of , denoted , is defined as the set of equivalence classes of infinite rays in the tree.
Two rays are equivalent if they share infinitely many vertices. This boundary is naturally homeomorphic to the p-
adic projective line . The boundary points correspond to lines in , or equivalently, to ends of the tree.
This boundary provides the tree with a compactification, turning it into a topological space that is locally compact
and Hausdorff.

Thus, the Bruhat-Tits tree is a well-defined mathematical object with rich structure. Its definition combines concepts
from linear algebra, number theory, and graph theory. This combinatorial object will serve as a fundamental building
block for the super-universe model. The tree’s regularity and symmetry make it amenable to exact analysis, while its
boundary provides a bridge to continuum concepts.

3.2 Vertex and

Edge Interpretation (Homothety Classes)

The interpretation of vertices as homothety classes of lattices is central to the model’s geometric intuition. A lattice
in  represents a discrete coordinate system or frame of reference at a given scale. Multiplying a lattice by a scalar
corresponds to a change of scale without altering the relative directions of the basis vectors. Therefore, a vertex
represents an equivalence class of coordinate systems that are related by scaling. This captures the idea that physics
should be independent of the choice of units or overall scale at the fundamental level.
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Each vertex can be visualized as a point in an abstract space, but it carries the algebraic data of a lattice class. This
data includes the relative positions of two independent directions in the two-dimensional p-adic vector space. The p-
adic norm provides a measure of size, but the homothety class forgets the absolute scale, retaining only the ratio or
relative configuration. In physical terms, a vertex might represent an elementary event or a Planck-scale cell in
spacetime, with its lattice data encoding internal degrees of freedom.

Edges represent elementary transformations between these lattice classes. An edge from vertex  to vertex 
indicates that the lattice class  is obtained from  by a refinement or coarsening of the coordinate grid.
Specifically, if  is a representative lattice for  and  for , then either  with index  or vice versa.
This step corresponds to zooming in or out by a factor of  in one direction, effectively changing the resolution of
the description.

The  edges emanating from a vertex correspond to the  distinct one-dimensional subspaces of the two-
dimensional space over . In more intuitive terms, moving along an edge chooses a particular direction in which to
refine or coarsen the lattice. This introduces a discrete set of choices at each step, reminiscent of the branching paths
in a tree of decisions. The tree structure thus encodes a history of successive refinements, each choice leading to a
new vertex.

The orientation of edges can be defined by specifying a direction from coarser to finer lattices, or vice versa. In the
super-universe model, a natural orientation is chosen: edges are directed from coarser to finer lattices, i.e., from
larger lattices to sublattices of index . This direction is interpreted as the fundamental arrow of informational
refinement or “inward” direction toward higher resolution. The opposite direction corresponds to coarse-graining or
“outward” movement toward larger scales.

The physical interpretation of vertices and edges is informational. Each vertex holds a finite amount of information,
represented by a label from a finite alphabet. The edges carry labels that mediate interactions or constraints between
vertices. The lattice interpretation provides a mathematical underpinning for these labels; for example, the choice of
a one-dimensional subspace in  could correspond to a discrete spin or polarization state. The tree then becomes a
network of information processing units.

Thus, the homothety class interpretation ties the abstract graph to concrete algebraic objects. This linkage allows the
import of tools from p-adic analysis and number theory into the model. It also provides a clear picture of how scale
and direction emerge from discrete steps. The vertices and edges are not merely points and lines but carry structured
data that will determine the emergent properties of spacetime and matter.

3.3 The Forest 

The fundamental structure of the super-universe is not a single tree but a forest: a Cartesian product of Bruhat-Tits
trees over an infinite set of primes. Formally, let  be an indexing of prime numbers. The forest is defined as

, the product of the trees  as metric graphs. A point in the forest is an infinite sequence , where
each  is a vertex in the tree . The product is endowed with the product topology, which is generated by
cylinders: sets of the form , where  is open in  and  for all but finitely many .

This infinite product structure provides the necessary complexity to encode a high-dimensional spacetime. Each tree
contributes one “hierarchical dimension,” and the combination yields an effective dimensionality that can be much
larger. The forest is still a discrete object, but its geometry is far richer than that of a single tree. Distances in the
forest can be defined in various ways; a natural choice is the supremum norm: ,
where  is the distance in . This metric remains ultrametric.
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The boundary of the forest is the product of the boundaries of the individual trees:
. This boundary is an infinite-dimensional totally disconnected compact space. It

serves as the holographic screen for the entire forest. Data on this boundary encode the state of the bulk forest,
analogous to how boundary conditions determine solutions to differential equations. The holographic principle is
thus naturally extended to the forest.

The forest model implements a form of modularity: different primes correspond to different sectors of physics. For
example, small primes like , , and  might dominate low-energy phenomena, while larger primes become
relevant at high energies. This hierarchical arrangement could explain the separation of forces and the hierarchy of
masses in particle physics. The product structure allows for independent dynamics in each tree, but interactions
between trees generate coupling between sectors.

Symmetries of the forest are given by the product of the symmetry groups of each tree. The group
 acts on  by isometries. This group is huge, but most of its elements do not correspond to

observable symmetries in the emergent physics. Only those symmetries that preserve certain global conditions (like
boundary conditions) will be realized as physical symmetries. This mechanism can explain the breaking of
symmetries in nature.

The forest is a static, timeless object. It does not evolve; it simply exists as a fixed mathematical structure. All
possible configurations of vertices and edges are present simultaneously. What we perceive as dynamics is a pattern
within this static forest, much like a movie is a pattern on a static film strip. This view resolves the problem of time
in quantum gravity: time is an emergent, phenomenological property, not a fundamental dimension.

Thus, the forest  is the primordial substrate of the super-universe. It is discrete, hierarchical, and infinite in extent.
From this simple combinatorial object, we will derive the complexity of spacetime, matter, and consciousness. The
challenge is to show how smooth, continuous physics emerges from this discrete, disconnected structure. The
following sections will develop the tools needed for this emergence.

3.4 Labeling Schemes

(Vertex and Edge Alphabets)

To encode physical information, we assign labels to vertices and edges of the forest. Let  be a finite set, the
alphabet. A vertex labeling is a function  that assigns a symbol from  to each vertex. Similarly,
an edge labeling is a function  on the set of edges. These labels represent the internal state of the
fundamental degrees of freedom. The choice of alphabet  is not critical; it could be as simple as , but a
larger alphabet allows more complex states.

The labeling must be consistent with the symmetries of the forest. If we want the physics to be homogeneous, the
labeling should be invariant under a large subgroup of the automorphism group. More precisely, we can require that
the labeling is stationary with respect to a natural group action. Alternatively, we can consider random labelings
drawn from a probability distribution that is invariant under automorphisms. This leads to the concept of a random
field on the forest, analogous to random fields on Euclidean space.

Physical fields emerge from these labelings through coarse-graining. Consider a region of the forest containing
many vertices. The average of the labels in that region, perhaps weighted by some kernel, defines the value of a field
at that coarse-grained location. For example, if the alphabet is , the average might directly give a scalar field. For
more complex fields, we might use vector-valued alphabets or tensor products of labelings.
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Interactions are encoded in constraints between labels on adjacent vertices or edges. These constraints can be
expressed as local rules: for each vertex, the label at that vertex is a function of the labels on neighboring vertices
and edges. This is a cellular automaton on the forest. The rules are deterministic and local, ensuring causality in the
emergent dynamics. The global configuration of labels must satisfy these rules everywhere, which may impose
severe restrictions.

The labeling scheme also allows for defects. A defect is a vertex or edge where the local rules are violated. These
defects can propagate along paths in the forest, and they correspond to particles or excitations in the emergent
physics. The type of defect (e.g., its charge) is determined by the nature of the violation. Defects can interact when
their paths meet, leading to scattering or annihilation. This provides a combinatorial model of particle interactions.

Entanglement between distant regions arises from shared ancestry in the forest. Two vertices that have a recent
common ancestor in many trees will have correlated labels, even if they are far apart in the emergent space. This
correlation is built into the forest structure and does not require any dynamical interaction. Thus, quantum
entanglement finds a natural geometric origin in the branching pattern of the trees.

The labeling scheme is the bridge between the abstract forest and concrete physics. By choosing appropriate
alphabets and local rules, we can aim to reproduce the Standard Model of particle physics and general relativity.
This is an ambitious goal, but the flexibility of the framework makes it plausible. The next step is to specify the rules
that lead to known physics, which will be explored in later chapters.

3.5 The Concept of

a Static, Total Configuration

The forest , together with a labeling , forms a total configuration: a complete assignment of labels to every
vertex and edge. This configuration is static; it does not change in any fundamental sense. All information about the
universe—past, present, and future—is contained in this single mathematical object. What we perceive as time
evolution is merely the exploration of different parts of this configuration along a particular path.

This static picture is akin to the block universe of eternalism in philosophy. In general relativity, spacetime is a four-
dimensional manifold, and events are points on it. Here, the forest configuration is the analogue of the spacetime
manifold, but it is discrete and higher-dimensional. The experience of time is an illusion generated by a conscious
observer traversing the configuration in a sequence. Different observers may traverse different sequences, leading to
relative notions of time.

The total configuration must satisfy global consistency conditions. These conditions arise from the local rules that
define admissible labelings. Not every arbitrary assignment of labels is allowed; only those that satisfy the rules
everywhere are considered physical. The set of all admissible configurations forms a subspace of the full
configuration space. This subspace may have a complex structure, possibly with multiple connected components
corresponding to different vacua or phases.

Despite being static, the configuration can exhibit patterns that appear dynamic. For instance, if we take a slice
through the forest along a particular direction, the labels on that slice may vary in a way that looks like a time
evolution. This is similar to reading a book: the text is static, but as you read, the story unfolds. The “arrow of time”
emerges from the gradient of entropy along the slicing direction, with one end being more ordered (the trunk) and
the other more disordered (the leaves).

Quantum superpositions can be represented as sums over configurations. In the path integral formulation, the
amplitude for a process is a sum over all histories. In the forest model, a history is a path through the configuration
space. The amplitude can be computed by summing over all labelings that satisfy certain boundary conditions, with
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each labeling weighted by a phase given by an action functional. This provides a discrete version of the Feynman
path integral.

The concept of a static total configuration resolves the measurement problem. There is no collapse of the wave
function; all outcomes exist in different parts of the configuration. An observer’s experience is confined to a single
branch, but other branches are equally real. This is exactly the many-worlds interpretation, but here the branching is
literal: it is the branching of the forest trees. The Born rule emerges from the measure on the set of branches, which
is determined by the geometry of the forest.

Thus, the super-universe is a single, static, total configuration. This view unifies the timelessness of general
relativity with the apparent dynamics of quantum mechanics. It provides a coherent ontological foundation for
physics, free from the paradoxes of time and measurement. The challenge is to show that this simple picture can
reproduce the rich phenomena we observe, which will be the task of the subsequent chapters.

3.6 Directed

Acyclicity and Causal Structure

Each tree  has a natural orientation: edges are directed from coarser lattices to finer lattices (or vice versa,
depending on convention). This orientation makes the tree a directed acyclic graph (DAG): there are no directed
cycles. In the forest, we orient each tree independently, and the product inherits a partial orientation. A directed path
in the forest is a sequence of vertices where each step follows the orientation in one of the trees. This directed
structure defines a causal order.

The causal order is a partial order on the vertices of the forest. We say vertex  causally precedes vertex  if there is
a directed path from  to . This order is transitive and antisymmetric (no cycles), and it is locally finite: between
any two vertices, there are only finitely many vertices in the causal interval. These properties are exactly those of a
causal set, which is a discrete model for spacetime causality. Thus, the forest naturally gives rise to a causal set
structure.

The causal order provides the scaffolding for emergent spacetime geometry. In causal set theory, the continuum
spacetime manifold is an approximation to the underlying causal set. Here, the causal set is derived from the forest,
and its geometry is determined by the branching patterns of the trees. The dimension of the emergent spacetime can
be estimated from the growth of causal intervals, which in turn depends on the growth of the trees.

Lorentz invariance emerges in the continuum limit if the causal set is sufficiently uniform. In the forest, uniformity
is ensured by the regularity of the trees and the product structure. By choosing the primes appropriately, we can
achieve a causal set that is approximately Lorentz invariant at large scales. This is a nontrivial requirement, but
research in causal set theory suggests it is possible.

The causal structure also underpins the notion of locality. Two vertices are spacelike separated if they are not
causally related. In the forest, this happens when they are in different branches of many trees. Such vertices have no
directed path connecting them, and thus no causal influence can pass between them. This matches the concept of
spacelike separation in relativity. Timelike separation corresponds to being on the same branch in many trees,
allowing causal influence.

The directed acyclic property ensures that there are no causal paradoxes, such as closed timelike curves. This is
crucial for the consistency of physics. In general relativity, closed timelike curves are allowed by the equations in
some spacetimes, but they lead to severe problems like time travel paradoxes. In the forest model, they are excluded
by the discrete, combinatorial structure. Thus, the forest provides a fundamentally causal substrate.
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The causal structure is not fundamental but derived from the orientation of the trees. This orientation itself comes
from the algebraic definition of edges as inclusions of lattices. Thus, causality emerges from number theory: the
prime  and the concept of divisibility give rise to the directed structure. This is a beautiful example of how abstract
mathematics can give birth to physical concepts like time and causality.

3.7 Finite Local

Complexity and Countable Infinity

The forest  has the property of finite local complexity: any bounded region of the forest can have only finitely
many different configurations up to symmetry. This is because the alphabet  is finite and the rules are local. Given
a ball of radius  in the forest, the number of possible labelings of that ball is finite (though it may be huge). This
finiteness is crucial for avoiding infinities in physical quantities like entropy and action.

Countable infinity refers to the fact that the set of vertices in the forest is countably infinite. This might seem
counterintuitive because each tree has uncountably many boundary points, but the vertices themselves are countable.
Indeed, each tree  has countably many vertices (they can be enumerated by finite paths from a root), and the
product of countably many countable sets is countable. Thus, the forest has a countable number of vertices, which is
a desirable feature for a discrete spacetime model.

The countable infinity allows for a Hilbert space of quantum states to be separable. In quantum mechanics, the
Hilbert space of a system is often separable, meaning it has a countable orthonormal basis. If the fundamental
degrees of freedom are countable, then the total Hilbert space is the tensor product of countable many finite-
dimensional spaces, which is separable. This avoids the technical difficulties of non-separable Hilbert spaces.

Finite local complexity ensures that the physics is computable in principle. Given a finite region, one can in
principle enumerate all possible states and compute transition amplitudes. This does not mean that the universe is a
classical computer, but it does mean that the laws of physics are finitely specifiable. This aligns with the
philosophical principle that the universe should be comprehensible.

The combination of finite local complexity and countable infinity also gives rise to the holographic principle. The
entropy of a region is bounded by the area of its boundary, because the number of degrees of freedom on the
boundary is finite per unit area. In the forest, the boundary of a region is a cut through the trees, and the number of
edges crossing the cut is proportional to the area. Each edge carries a finite amount of information, so the total
information is finite.

These properties make the forest a well-behaved mathematical object. It is discrete, locally finite, and has a
countable infinity of degrees of freedom. It avoids the divergences of continuum theories while still being rich
enough to approximate continuum physics. The finite local complexity also means that the forest can be described
by a finite set of rules, which is appealing for a fundamental theory.

Thus, the forest  is a candidate for a fundamental theory of everything. It is simple in its ingredients—trees, labels,
local rules—but complex in its emergent behavior. It unifies geometry, matter, and information in a single
framework. The remaining chapters will show how this framework can give rise to the specific physics of our
universe, from general relativity to the Standard Model to consciousness.

CHAPTER 4: EMERGENT

SPACETIME AND GEOMETRY
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4.1 From Tree Distance

to Approximate Metric

The fundamental distance measure in the forest  is the graph distance: the number of edges along the shortest path
connecting two vertices. This discrete, integer-valued metric  satisfies the ultrametric inequality

, which imposes a rigid hierarchical structure. To recover the smooth,
continuous metric  of general relativity, we must construct a coarse-grained approximation. Consider a region of
the forest containing many vertices; we define a block spin transformation that groups vertices into clusters. The
distance between clusters is defined as the average tree distance between their constituent vertices, weighted by
some kernel function. In the limit of large cluster size, this averaged distance converges to a continuous function that
satisfies the ordinary triangle inequality. This emergent metric tensor  varies smoothly across the forest, giving
rise to the familiar notion of Riemannian geometry.

The approximation procedure involves several technical steps. First, we embed the forest in a continuous space by
mapping vertices to points in  via a suitable embedding function. This embedding should preserve the large-scale
structure while smoothing out the discrete irregularities. Second, we define a metric at each point by considering the
local density of vertices and the distribution of edge lengths. The emergent metric is then given by

, where the expectation is over vertices within distance  of . This limit
exists and is non-degenerate under reasonable assumptions about the forest’s regularity.

The emergent metric inherits certain properties from the tree structure. Because the tree distance is ultrametric, the
coarse-grained metric exhibits approximate scale invariance at short distances. This manifests as a negative
curvature on small scales, similar to hyperbolic geometry. At larger scales, the product structure of the forest can
produce flat or positively curved geometries depending on the distribution of primes. The precise curvature is
determined by the branching ratios  and the correlations between different trees.

The dimensionality of the emergent space is not fixed but emerges from the coarse-graining process. If we consider
 trees in the product, the effective dimension  is given by the scaling of volume with distance:

. For a product of trees, the volume scales exponentially with , which corresponds to infinite
dimension. However, when we coarse-grain by grouping vertices into blocks of size , the effective dimension

becomes , which can be tuned to any desired value by choosing  appropriately. In

particular, to get , we need .

The emergent metric is not unique; it depends on the coarse-graining scheme. Different schemes (different choices
of block sizes, weighting functions, etc.) yield different metrics that are related by diffeomorphisms or conformal
transformations. This ambiguity reflects the gauge freedom of general relativity. Physical observables must be
independent of the coarse-graining scheme, which imposes constraints on the allowed labelings and dynamics.
These constraints are analogous to the diffeomorphism invariance of continuum gravity.

The relationship between tree distance and emergent metric can be tested numerically. By simulating random walks
on the forest and measuring mean squared displacement, one can extract the effective dimension and curvature. For
a single tree, random walks are transient (they escape to infinity with positive probability), indicating infinite
effective dimension. For a product of trees, the behavior is more complex and can mimic diffusion in a curved space.
These simulations provide a bridge between the discrete forest model and continuum physics.

The success of this approximation scheme demonstrates how a discrete, hierarchical structure can give rise to
smooth geometry. The key insight is that at scales much larger than the lattice spacing, the discrete irregularities
average out, leaving only the large-scale trends. This is analogous to how atomic lattices give rise to continuum
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elasticity theory. The forest model thus provides a concrete realization of the idea that spacetime is emergent from
more primitive discrete degrees of freedom.

4.2 Coarse-Graining and

the Continuum Limit

Coarse-graining is the process of ignoring microscopic details to focus on macroscopic behavior. In the forest
model, we coarse-grain by grouping vertices into blocks and treating each block as a single effective degree of
freedom. A block is defined as a connected set of vertices with diameter less than some cutoff . The state of a
block is summarized by a few collective variables, such as the average labeling or the total energy. The dynamics of
these collective variables are described by effective laws that emerge from the microscopic rules.

The renormalization group provides a systematic framework for coarse-graining. We define a transformation 
that maps the forest at scale  to a coarser forest at scale . This transformation involves two steps: blocking
(grouping vertices into clusters) and decimation (replacing each cluster by a single vertex with effective properties).
The transformation  can be iterated, generating a flow in the space of theories. Fixed points of this flow
correspond to scale-invariant theories, which describe critical phenomena.

In the forest, the renormalization group flow has interesting properties. Because the trees are hierarchical, the flow
equations can be solved exactly in some cases. For a single tree, the effective coupling constants obey recursion
relations of the form , where  labels the generation. These recursion relations can have fixed
points , which describe phases of the system. For example, there may be a fixed point corresponding to
a conformal field theory on the boundary.

The continuum limit is obtained by taking the block size  to infinity while keeping physical quantities fixed. This
requires tuning the microscopic parameters to a critical point where correlation lengths diverge. At the critical point,
the system becomes scale-invariant, and the continuum description is a field theory. In the forest, the critical point
corresponds to a particular labeling that is maximally symmetric and has long-range correlations.

The emergent field theory can be either free or interacting. Free field theories arise when the microscopic rules are
linear, leading to Gaussian fixed points. Interacting field theories arise from non-linear rules and correspond to non-
Gaussian fixed points. In the forest, both possibilities can occur. For example, a labeling that satisfies a linear
constraint (like a harmonic function) gives rise to a free scalar field. A labeling with non-linear constraints (like a
spin system) can give rise to interacting fields like Yang-Mills theory.

The dimensionality of the emergent field theory is determined by the scaling exponents at the fixed point. These
exponents can be computed from the eigenvalues of the linearized renormalization group transformation. In the
forest, the exponents depend on the branching ratios . By choosing the primes appropriately, we can obtain
exponents that match those of known field theories in 3+1 dimensions. This provides a mechanism for dimensional
emergence: the effective dimension is not input but output of the renormalization group flow.

Coarse-graining also explains the origin of effective field theory in physics. At energies below some cutoff , the
microscopic details are irrelevant, and physics is described by an effective Lagrangian with a finite number of terms.
In the forest, the cutoff  corresponds to the inverse block size . The effective Lagrangian is obtained by
integrating out degrees of freedom at scales smaller than . This procedure generates all terms allowed by
symmetry, with coefficients that are computable from the microscopic rules. The forest thus provides a ultraviolet
completion of effective field theory.

4.3 Emergence of Lorentzian

Signature
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Our observed spacetime has Lorentzian signature: one time dimension and three space dimensions. The forest, being
Euclidean, must explain how this signature emerges. The key idea is to treat one of the forest directions as timelike
by giving it an imaginary length. More precisely, we assign to each edge in a designated “time tree” a length ,
where  is a real number. Then the squared distance along that edge becomes negative, mimicking the timelike
interval in Minkowski space.

An alternative approach is to derive Lorentzian signature from the dynamics. Consider a labeling that obeys a wave
equation on the forest: , where  is the graph Laplacian. The dispersion relation for this equation is

, which becomes relativistic at long wavelengths. By diagonalizing the Laplacian, we can identify
modes that propagate with speed , and these modes define the light cone. The signature emerges because the
Laplacian has both positive and negative eigenvalues in the continuum limit.

The group of isometries of the forest is , which is a huge discrete group. In the continuum limit,
this group contracts to the Poincaré group, the symmetry group of Minkowski space. The contraction occurs because
at large scales, the discrete steps become infinitesimal, and the group action becomes differentiable. The generators
of the Poincaré group emerge as limits of elements of the discrete group. This is analogous to how the Lorentz group
emerges from the spin network dynamics in loop quantum gravity.

Lorentz invariance is not exact but approximate, valid only at scales much larger than the lattice spacing. At the
Planck scale, Lorentz invariance is broken by the discreteness of the forest. This breaking manifests as modifications
to the dispersion relation, such as , where  is a dimensionless constant. Such
modifications are constrained by experiments, and the current bounds require , implying that the forest
must be extremely fine-tuned to produce an almost exact Lorentz symmetry.

The emergence of a single time dimension is a puzzle. Why not two or more? In the forest, time is associated with a
particular tree or combination of trees. If multiple trees contribute to time, then we would have multiple time
dimensions, leading to causal pathologies. A possible resolution is that only one tree (or a specific linear
combination) has the right properties to serve as time. The other trees contribute to space. This selection might be
dynamical: the ground state of the forest spontaneously breaks the symmetry between trees, picking out one as
timelike.

The arrow of time is also emergent. In the forest, the microscopic rules are time-reversal symmetric. However, the
coarse-grained dynamics may exhibit irreversibility due to the increase of entropy. The direction of time is set by the
gradient of entropy along the forest, with higher entropy toward the leaves. This matches the thermodynamic arrow
of time. The psychological arrow arises because consciousness requires memory, which is only possible in the
direction of increasing entropy.

Lorentzian signature has profound implications for causality. In the forest, causality is encoded in the directed
acyclic graph structure. Two events are causally related if there is a directed path between them. In the continuum
limit, this becomes the light cone structure of relativity. The speed of light  emerges as the slope of the light cone,
which is determined by the ratio of space and time lattice spacings. Thus, causality is not imposed but derived from
the forest’s geometry.

4.4 Curvature from Tree

Deformations

Curvature in general relativity measures the deviation from flatness. In the forest, curvature arises from
deformations of the tree structure. A deformation is a change in the branching pattern, such as varying the branching
ratio  from vertex to vertex, or introducing defects like missing edges or extra edges. These deformations alter the
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graph distance, which in turn affects the emergent metric. The Riemann curvature tensor  can be computed
from the deviations of the graph distance from that of a perfect tree.

Consider a region of the forest where the branching ratio  varies slowly. The effective metric in this region is not
flat but curved. The Ricci scalar  is proportional to the gradient of . For example, if  increases as we move
outward, the curvature is negative (hyperbolic). If  decreases, the curvature is positive (spherical). This provides a
direct link between the tree parameters and spacetime curvature.

Matter curves spacetime. In the forest, matter corresponds to defects in the labeling. These defects act as sources for
tree deformations. For instance, a vertex with an unusual labeling (like a high energy state) may cause the
surrounding edges to stretch or compress, changing the local branching pattern. This change propagates through the
forest, affecting the emergent metric. The Einstein equations  emerge as the condition for the
deformation caused by the defects to be consistent with the coarse-grained geometry.

The Einstein-Hilbert action  can be derived from the forest dynamics. Consider the total
number of vertices  in a region of emergent volume . For a perfect tree, . For a deformed
tree, , where  is a constant. The difference  is a measure of curvature.
Summing over all regions gives an action proportional to . The coupling constant  is determined by the
microscopic parameters like  and the labeling alphabet size.

Black holes are extreme deformations. In a black hole, the branching pattern becomes so distorted that the tree
develops a horizon: a cut beyond which vertices cannot be reached from the outside. The area of the horizon is
proportional to the number of edges crossing the cut. The entropy is the logarithm of the number of labelings
consistent with the horizon area, which yields the Bekenstein-Hawking formula . Thus, black hole
thermodynamics emerges naturally from tree statistics.

Cosmological curvature is also explained. The large-scale curvature of the universe (spatial curvature ) depends
on the average branching ratio across the forest. If the forest is infinite and homogeneous, the emergent spacetime is
flat ( ). If the forest is finite or has boundaries, the spacetime may be closed or open. The current
observational constraint  suggests that the forest is extremely homogeneous on large scales.

Deformations can also give rise to topological defects like cosmic strings or domain walls. These correspond to
discontinuities in the labeling or branching pattern that extend over large scales. Their gravitational effects can be
computed from the forest model and compared with observations. The absence of observed topological defects
constrains the allowed deformations in the early universe.

4.5 Black Holes as Special

Trees

A black hole in the forest model is a region where the tree structure becomes highly distorted, creating a trapped
surface. Consider a subtree  that is almost disconnected from the rest of the forest, connected only by a narrow
bottleneck (the horizon). The vertices inside the subtree cannot send signals to the outside because all paths from
inside to outside must pass through the bottleneck. This bottleneck is the discrete analogue of an event horizon.

The horizon area  is proportional to the number of edges crossing the bottleneck. Each edge carries a bit of
information, so the total information capacity of the horizon is  in Planck units. This is the Bekenstein-
Hawking entropy . The microstates of the black hole are the different labelings of the subtree 
consistent with the horizon area. Counting these microstates yields the exact formula, including the correct
numerical factor.
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Black hole evaporation is modeled by the gradual peeling of layers from the subtree. As Hawking radiation is
emitted, the horizon shrinks, meaning edges are removed from the bottleneck. The radiation itself is encoded in the
labelings of the emitted edges. The process is unitary because the total information in the forest is conserved. The
Page curve emerges from the statistics of the subtree labelings. Thus, the information paradox is resolved by the
unitarity of the forest dynamics.

The interior of the black hole is described by a highly curved tree. Near the singularity (the root of the subtree), the
branching ratio becomes very large, leading to extreme curvature. However, there is no actual singularity because
the tree remains finite and discrete. The concept of a singularity is an artifact of the continuum approximation
breaking down. In the forest, the interior is just a very dense, highly connected graph.

Different types of black holes correspond to different tree structures. A Schwarzschild black hole is a spherically
symmetric subtree. A Kerr black hole has a twisted structure, with the tree rotating relative to the outside forest. This
rotation is encoded in the correlations between labelings on different branches. The no-hair theorem holds because
the macroscopic properties (mass, charge, angular momentum) determine the tree structure uniquely, up to
microscopic details that are unobservable from the outside.

Black hole mergers are represented by the joining of two subtrees. When two black holes merge, their horizons
combine to form a larger horizon. In the forest, this is a graph operation that fuses two bottlenecks into one. The
gravitational waves emitted during the merger correspond to vibrations of the forest edges. The waveform can be
computed from the dynamics of the fusion process, and it matches the predictions of general relativity.

The forest model also provides insights into the firewall paradox. There is no firewall at the horizon because the
horizon is just a bottleneck in the graph, not a special physical surface. An infalling observer passes through the
horizon without noticing anything unusual, just as a random walker on a graph doesn’t notice when it enters a
subtree. The equivalence principle is preserved because the emergent geometry is smooth across the horizon.

4.6 Cosmology as Forest

Growth Patterns

Cosmology studies the universe on the largest scales. In the forest model, the universe is the entire forest, and its
large-scale structure is determined by the growth pattern of the trees. The Big Bang corresponds to the trunk of the
forest, the initial state from which all trees grow. The expansion of the universe is the increase in the number of
vertices as we move away from the trunk. The scale factor  is proportional to the average distance from the
trunk.

The Friedmann equations emerge from the statistics of tree growth. Consider the number of vertices  at
distance  from the trunk. For a perfect tree, , which is exponential growth. This corresponds to a
de Sitter universe with constant Hubble parameter . For a more general forest,  may follow a
power law , giving a power-law expansion . The precise form depends on the distribution
of primes and the correlations between trees.

Dark energy is the natural expansion of the trees. Even in the absence of matter, the trees grow because new vertices
are added at the leaves. This growth drives the cosmic acceleration. The cosmological constant  is related to the
average branching ratio: . The observed value  in Planck units suggests that  is
extremely close to 1, meaning the forest is almost static on large scales. This fine-tuning is a challenge for the
model.
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Dark matter arises from fluctuations in the branching pattern. Regions where the branching ratio is higher than
average act as gravitational wells, attracting matter. These fluctuations are not due to labeling defects but to intrinsic
tree deformations. They behave like cold dark matter because they are non-relativistic and interact only
gravitationally. The power spectrum of these fluctuations can be computed and compared with CMB observations.

Inflation is a period of rapid tree growth in the early universe. It occurs when a large number of new branches are
created in a short “time” (distance from the trunk). This explosive growth flattens the curvature and generates
density perturbations. The inflaton field is a labeling that controls the branching rate. The slow-roll conditions
correspond to this labeling changing slowly across the forest. The predictions for the spectral index  and tensor-
to-scalar ratio  depend on the details of the tree dynamics.

The cosmic microwave background (CMB) anisotropies are imprints of quantum fluctuations in the early forest.
These fluctuations are variations in the labeling that get stretched to macroscopic scales during inflation. The
angular power spectrum  can be computed from the correlation functions of the labeling on the forest boundary.
The observed peaks in  reflect the harmonic structure of the trees. The forest model naturally predicts a nearly
scale-invariant spectrum, as observed.

The ultimate fate of the universe depends on the long-term behavior of the forest. If the trees continue growing
forever, the universe will expand forever and eventually become empty and cold (Big Freeze). If the growth
saturates, the expansion will stop and reverse (Big Crunch). In the forest model, growth saturation occurs if the
labeling rules forbid infinite expansion. Current observations suggest eternal expansion, which implies that the
forest growth is unbounded.

4.7 The Problem of Time

The problem of time in quantum gravity arises because the Wheeler-DeWitt equation  does not contain
time. In the forest model, time is not fundamental but emergent. The fundamental object is the static forest

configuration , which satisfies a constraint  analogous to the Wheeler-DeWitt equation. This constraint
enforces consistency of the labeling across the forest. Time emerges as a coordinate along which the labeling varies
in a particular way.

Two approaches to time are common: internal time and relational time. Internal time chooses one of the forest
degrees of freedom as a clock. For example, the distance from the trunk can serve as a time variable. Relational time
uses correlations between degrees of freedom: the state of one subsystem evolves relative to another. In the forest,
both approaches are possible. The internal time approach is simpler but breaks down if the clock degree of freedom
becomes degenerate.

The emergence of time is closely tied to the breaking of symmetry. The forest has a huge symmetry group
, but a generic labeling breaks this symmetry. The unbroken subgroup defines the allowed time

translations. If the labeling is homogeneous and isotropic, the unbroken subgroup includes time translations, spatial
translations, and rotations. This gives rise to the Friedmann-Robertson-Walker metric.

The arrow of time arises from the boundary conditions. The forest has a natural boundary at the leaves, which
corresponds to the future. The labeling is constrained to be simple (low entropy) near the trunk and complex (high
entropy) near the leaves. This gradient defines the direction of time. The second law of thermodynamics follows
from the statistical tendency to move toward higher entropy configurations.

Quantum mechanics introduces a new aspect: the wave function  evolves in time. In the forest,  is the amplitude

for a given labeling. The Schrödinger equation  emerges from the constraint  when we
identify a time variable. The Hamiltonian  is the generator of translations in that time variable. This is the Dirac
quantization of constrained systems applied to the forest.
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​ PGL(2,Q ​)∏i p ​i

Ψ Ψ
iℏ∂ ​Ψ =t ΨĤ Ψ =Ĉ 0
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The problem of time in cosmology is particularly acute because the universe has no external clock. In the forest, the
solution is to use the scale factor  as an internal time. The Wheeler-DeWitt equation becomes a differential
equation in , and the wave function  gives the probability amplitude for the universe to have a certain size

 and matter configuration . This is the timeless picture of quantum cosmology, which the forest model
accommodates naturally.

Despite these successes, deep questions remain. Why does time seem to flow? Why do we remember the past but
not the future? In the forest, the flow of time is an illusion created by consciousness moving along a path in the
static configuration. Memory is possible only in the direction of increasing entropy because low-entropy states are
more ordered and thus more predictable. The forest model thus provides a coherent, if unconventional, resolution to
the problem of time.

CHAPTER 5: EMERGENT

QUANTUM MECHANICS

5.1 The Wave

Function as a Pattern on the Tree

In the super-universe model, the quantum wave function is not a fundamental entity but an emergent pattern of
labels on the forest. Consider a single tree . A wave function  for a particle is represented by a complex-valued
label attached to each vertex, with the squared magnitude  representing the probability density for finding
the particle at that vertex. The phase of  encodes interference effects and is crucial for the wave-like behavior.
This labeling must satisfy a consistency condition: the value at each vertex is the average of the values at its 
neighbors, weighted by appropriate factors. This condition is the discrete analogue of the Schrödinger equation,
ensuring that the pattern propagates in a manner that respects the tree’s geometry. The wave function thus becomes a
harmonic function on the tree, determined by its boundary values at infinity.

The connection to the continuum Schrödinger equation arises through coarse-graining. When we average the wave
function over blocks of vertices, the discrete averaging condition becomes the differential equation

. The Laplacian  emerges from the tree’s adjacency matrix in the limit of large block
sizes. The mass  and Planck’s constant  are parameters that depend on the tree’s branching ratio  and the
labeling alphabet. This provides a concrete mechanism for the emergence of quantum dynamics from a static,
informational substrate. The wave function’s evolution is not fundamental but derived from the spatial pattern of
labels.

The wave function pattern is not arbitrary; it must be square-summable over the tree to represent a normalizable
state. This condition picks out a specific class of harmonic functions that decay sufficiently fast toward the
boundary. In the p-adic context, these are precisely the functions that belong to the  space of the tree. The inner

product between two wave functions is defined as , where the sum is over all

vertices. This Hilbert space structure emerges from the combinatorial properties of the tree, without any prior
assumption of linearity.

The superposition principle follows naturally from the linearity of the labeling constraints. If  and  are two
wave function patterns that satisfy the averaging condition, then any linear combination  also satisfies
it. This linearity is a consequence of the fact that the averaging condition is a linear equation. Thus, the vector space
structure of quantum mechanics is not an axiom but a derived property of the forest’s informational dynamics. The
complex numbers arise from the need to represent both magnitude and phase, which are necessary for interference.
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Wave function collapse is not a physical process in this model but a change in the observer’s knowledge. When an
observer measures a particle, they effectively restrict their attention to a subtree where the wave function pattern is
consistent with the measurement outcome. The rest of the pattern is still present but becomes irrelevant for that
observer’s future predictions. This is similar to the many-worlds interpretation, but here the branching is literal: each
measurement outcome corresponds to a different branch of the tree. The wave function never collapses; it merely
appears to do so from the observer’s limited perspective.

The time-dependent Schrödinger equation emerges when we introduce a parameter that plays the role of time. This
parameter is not fundamental but corresponds to the distance from the trunk. As we move outward along the tree, the
wave function pattern changes in a way that can be described by a unitary evolution operator. The generator of this
evolution is the tree Laplacian, which in the continuum limit becomes the Hamiltonian. Thus, time evolution is
simply the exploration of the static wave function pattern along the radial direction of the tree.

The wave function pattern can also represent multi-particle states. For  particles, we use a label on the -fold
product of trees. The pattern must satisfy consistency conditions on this product graph, which lead to the emergence
of the many-body Schrödinger equation. Entanglement between particles is represented by non-separable patterns on
the product graph. This provides a unified description of quantum mechanics for both single and many-particle
systems, all derived from the same forest substrate.

5.2 Superposition as

Parallel Branches

Superposition is a hallmark of quantum mechanics, where a system can exist in multiple states simultaneously. In
the forest model, superposition is represented by the coexistence of multiple branches in the tree. Each branch
corresponds to a distinct classical possibility, and the wave function assigns a complex amplitude to each branch.
The tree’s branching structure naturally accommodates these parallel possibilities, with each vertex representing a
decision point where the world splits into  alternatives. The full wave function pattern covers all branches,
and the squared amplitude on a branch gives the probability that an observer will find themselves on that branch.

The concept of parallel branches is most clearly illustrated in the double-slit experiment. A particle emitted from a
source can take two paths to the screen, corresponding to two branches in the tree. The wave function pattern has
non-zero values on both branches, and these values interfere at the screen. The interference pattern arises from the
phase difference between the two branches, which is determined by the path lengths in the tree. In the continuum
limit, this phase difference is given by the action integral along each path, leading to the familiar Feynman path
integral formulation.

Superposition is not limited to position states; it applies to any observable. For example, a spin-  particle in a
superposition of up and down states is represented by a wave function pattern that has support on two sets of
branches, one for each spin orientation. The relative phase between these sets determines the orientation of the spin
in the -  plane. This generalizes to any finite-dimensional Hilbert space: each basis state corresponds to a set of
branches, and the wave function assigns amplitudes to these sets. The forest’s branching factor  must be large
enough to accommodate the required number of basis states.

The stability of superposition is ensured by the tree’s ultrametric property. Because branches are hierarchically
organized, small perturbations do not easily cause transitions between branches. This provides a natural mechanism
for decoherence: interactions with the environment cause the wave function to become entangled with many
environmental degrees of freedom, effectively spreading the superposition over many branches. From the
perspective of a local observer, the superposition appears to collapse because the observer’s branch becomes
decoupled from the others.
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Superposition also explains quantum tunneling. A particle facing a potential barrier can tunnel through by taking a
branch that corresponds to a classically forbidden path. In the tree, this is represented by a branch that goes through
a region where the wave function pattern is exponentially small but non-zero. The tunneling probability is given by
the squared amplitude on that branch, which can be computed from the tree’s geometry. This provides a discrete,
combinatorial understanding of tunneling without invoking continuous paths through imaginary time.

The superposition principle extends to the entire universe. The universal wave function is a pattern on the forest that
includes branches for every possible history of the cosmos. This is the many-worlds interpretation, but here the
worlds are not separate universes but branches of the same forest. Each branch corresponds to a different outcome of
every quantum event, and all branches exist simultaneously in the static configuration. Observers are patterns on
specific branches, and they perceive only their own branch, giving the illusion of a single reality.

Despite its apparent weirdness, superposition is a natural feature of the forest’s hierarchical structure. The tree does
not force a choice between alternatives; it simply includes all alternatives in its branching pattern. The wave
function assigns weights to these alternatives, and these weights determine the probabilities of experiences. This
picture demystifies superposition, showing it to be a consequence of the fundamental discreteness and combinatorial
nature of reality.

5.3 Entanglement as Shared

Ancestry

Entanglement is a quantum correlation between distant particles that cannot be explained by classical physics. In the
forest model, entanglement arises when two particles share a common ancestor in the tree. Specifically, if the
worldlines of two particles diverge from a common vertex in the recent past, their labels will be correlated in a way
that depends on the branching pattern. This correlation is non-local in the emergent space but local in the tree, as the
common ancestor is a single vertex. Thus, entanglement is a memory of shared history, encoded in the forest’s
genealogy.

The strength of entanglement is quantified by the distance to the common ancestor. If the divergence occurred many
steps ago, the correlation is weak; if it occurred recently, the correlation is strong. This is measured by the mutual
information between the labels on the two worldlines, which decays with the graph distance to the common
ancestor. In the continuum limit, this gives rise to the area law for entanglement entropy: the entanglement between
two regions is proportional to the area of the minimal surface separating them, which in the tree is the number of
edges crossing the cut.

Bell’s theorem shows that no local hidden variable theory can reproduce quantum correlations. In the forest model,
the hidden variables are the labels on the tree, but they are non-local in the emergent space. The correlations are
determined by the tree structure, which is fixed and global. When two entangled particles are measured, the
outcomes are correlated because their labels are both descended from a common ancestor, and the measurement
choices determine which branches are selected. This non-locality is not signaling because it does not allow faster-
than-light communication; it is a consequence of the static, global structure.

Entanglement swapping can be understood as changing the common ancestor. When two particles become entangled
through an intermediary, their worldlines become connected via a new common vertex. This is represented by a
graph operation that joins two trees at a vertex. The resulting entanglement depends on the labels at the joining
vertex, which can be arranged to produce any desired entangled state. This provides a combinatorial mechanism for
generating entanglement networks, which are crucial for quantum computing and communication.



The monogamy of entanglement is a constraint on how many particles can be simultaneously entangled. In the tree,
this constraint arises because each vertex has a finite degree . A vertex can be the common ancestor for at
most  particles; beyond that, the entanglement must be shared among more distant ancestors. This limits the
number of particles that can be maximally entangled, in agreement with quantum information theory. The exact
form of the monogamy inequality depends on the tree’s branching ratio.

Entanglement also plays a key role in the emergence of spacetime. The Ryu-Takayanagi formula states that the
entanglement entropy between a region and its complement is proportional to the area of the minimal surface in the
bulk. In the tree, the minimal surface is a cut, and the entanglement entropy is the number of edges crossing the cut.
This formula is exact for tree tensor networks, which are discrete models of holography. Thus, entanglement is not
just a quantum phenomenon but a geometric one, linking information theory to gravity.

The forest model provides a unified picture of entanglement as a fundamental aspect of the universe’s structure. It is
not an add-on to quantum mechanics but built into the very fabric of the forest. Every correlation, from the
microscopic to the cosmological, can be traced back to shared ancestry in the tree. This perspective resolves the
mystery of non-locality by showing that what appears non-local in space is local in the higher-dimensional forest.

5.4 Measurement as Branch

Selection

Measurement in quantum mechanics is the process that produces a definite outcome from a superposition. In the
forest model, measurement is not a dynamical process but a selection of a branch by an observer. The observer is
itself a pattern on the tree, and when it interacts with a measured system, its branch becomes correlated with one of
the system’s branches. From the observer’s perspective, only one branch is experienced, giving the illusion of
collapse. The other branches continue to exist but are decoupled from the observer’s branch, making them
effectively invisible.

The measurement apparatus plays a crucial role in amplifying the microscopic superposition to a macroscopic one.
In the tree, this is represented by a branching cascade: the initial superposition of the system causes the apparatus to
branch, and then the observer branches, and so on. This cascade ensures that the different outcomes are recorded in
many degrees of freedom, making them stable and irreversible. The branching factor  must be large enough to
accommodate all possible outcomes, but in practice,  is enormous (e.g., a prime of order ), so there is plenty
of room.

The Born rule gives the probability of each outcome. In the forest model, this probability is proportional to the
number of leaves on each branch, weighted by the squared amplitude of the wave function. More precisely, if a
branch has  leaves and the wave function amplitude on that branch is , then the probability is

. In the limit of large trees, the number of leaves on a branch grows exponentially
with its depth, and the Born rule reduces to , provided the wave function is properly normalized. This
derivation of the Born rule from counting leaves is a key success of the model.

Wave function collapse is illusory; the full wave function pattern remains unchanged. What changes is the
observer’s branch, which now includes the measurement outcome as part of its history. This is consistent with the
many-worlds interpretation, but with a concrete geometric realization. The collapse postulate of Copenhagen
quantum mechanics is an effective rule for observers who are unaware of the other branches. The forest model thus
eliminates the need for a separate collapse mechanism, unifying the unitary evolution of the wave function with the
appearance of definite outcomes.
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The measurement problem is solved by recognizing that observers are part of the forest. There is no separation
between quantum and classical; everything is quantum, and classicality emerges when branches become decohered.
Decoherence occurs when the environment interacts with the system, causing the wave function to branch into many
nearly identical copies. The observer then inhabits one of these copies and perceives it as a classical world. This
process is deterministic and does not require any randomness beyond the initial conditions.

Different interpretations of quantum mechanics correspond to different ways of describing the forest. The
Copenhagen interpretation focuses on a single branch and treats the wave function as a tool for prediction. The
many-worlds interpretation takes all branches seriously. The de Broglie-Bohm interpretation adds guiding
trajectories on the branches. In the forest model, these are all valid perspectives, but the fundamental reality is the
static forest with its branching structure. The choice of interpretation is a matter of convenience, not ontology.

Measurement also has a thermodynamic cost. In the forest, selecting a branch involves discarding information about
the other branches, which increases entropy. This is captured by Landauer’s principle: erasing information dissipates
heat. Thus, measurement is not a magical process but a physical one that obeys the laws of thermodynamics. This
connects quantum measurement to the arrow of time and the second law, providing a coherent framework for
understanding quantum thermodynamics.

5.5 The Born Rule from

Counting Leaves

The Born rule states that the probability of a measurement outcome is the squared amplitude of the wave function
for that outcome. In the forest model, this rule is derived from the geometry of the tree. Consider a branch  that
corresponds to a particular outcome. The number of leaves on this branch, denoted , grows exponentially
with the depth of the branch: , where  is the distance from the trunk to the branch’s first
vertex. The wave function amplitude  is a complex number assigned to the branch, and it must satisfy
normalization across all branches.

The probability  is proportional to . This is because the observer is more likely to find
themselves on a branch with more leaves, as there are more copies of the observer on that branch. In the limit of a
large tree, the number of leaves dominates, and the probability becomes ,
provided that the branches have equal depth. If the depths are unequal, we must weight by , which can be
absorbed into the wave function by redefining . This redefinition is equivalent to choosing
a measure on the tree that is uniform at each level.

The derivation assumes that the observer is equally likely to be on any leaf of the tree. This is the principle of
indifference applied to the forest. It is a natural assumption if the forest is symmetric and the observer’s initial
condition is uniform. However, if the wave function is not uniform, then the observer’s probability distribution is
weighted by . This is the essence of the Born rule: the wave function determines the density of observers on
each branch. This approach is known as the “many-worlds interpretation with a measure” or the “self-locating
uncertainty” approach.

The Born rule can also be derived from decision theory. An observer who must bet on the outcome of a
measurement will bet in proportion to  if they want to maximize their expected utility, assuming they are unsure
which branch they are on. This is the Deutsch-Wallace argument, which can be adapted to the forest model. The key
is that the observer’s future selves will be multiplied by the number of leaves on each branch, so betting odds should
reflect that multiplication.
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The Born rule is consistent with frequency experiments. When a measurement is repeated many times, the relative
frequency of an outcome converges to . In the forest, each repetition corresponds to a new branching, and the
number of branches with a given outcome grows in proportion to . An observer who samples branches at
random will see frequencies that match the Born rule. This provides an operational justification for the rule, linking
it to the geometry of the forest.

The Born rule also applies to continuous variables. For a particle with wave function , the probability density
is . In the tree, the position  corresponds to a set of branches, and the number of leaves in that set is
proportional to  times the volume element . This requires a careful definition of the continuum limit, but
the result is the same: the Born rule emerges from counting leaves. This shows that the rule is not specific to discrete
systems but is a general feature of the forest’s geometry.

Thus, the Born rule is not a postulate but a theorem in the forest model. It follows from the combination of the wave
function pattern and the tree’s branching structure. This demystifies one of the most puzzling aspects of quantum
mechanics, showing that probability is not intrinsic but arises from the observer’s ignorance of which branch they
are on. The forest model provides a concrete, mathematical derivation that is both elegant and compelling.

5.6 Decoherence as

Information Loss to the Trunk

Decoherence is the process by which a quantum system loses coherence due to interaction with its environment. In
the forest model, decoherence occurs when information about the system is transferred to the environment and then
propagated toward the trunk of the tree. The trunk represents the deep past, and information that reaches the trunk
becomes effectively inaccessible, as it is spread over many branches. This loss of accessibility manifests as
decoherence: the system’s density matrix becomes diagonal in the environment’s preferred basis.

The mechanism is as follows: when the system interacts with an environment degree of freedom, the environment
branches into multiple states correlated with the system. These branches then interact with more environment
degrees of freedom, causing further branching. The information about the system’s initial state thus propagates down
the tree toward the trunk. Because the tree is directed, information cannot flow back up; once it passes a certain
point, it is lost to the observer. This irreversibility is the source of decoherence and the arrow of time.

The decoherence time scale is determined by the branching rate. If the environment has many degrees of freedom
that interact quickly, the branching is rapid, and decoherence occurs quickly. Mathematically, the decoherence time
is inversely proportional to the product of the coupling strength and the number of environmental degrees of
freedom. In the tree, this corresponds to the rate at which new branches are created. This rate can be computed from
the tree’s adjacency matrix and the labeling dynamics.

Decoherence selects a preferred basis, known as the pointer basis. This is the basis in which the system’s density
matrix becomes diagonal. In the forest, the pointer basis is determined by the interaction Hamiltonian between the
system and the environment. The basis states are those that are least entangled with the environment, meaning they
cause minimal branching. These states are called “pointer states” because they are stable and can be recorded by a
measurement apparatus. The forest model thus explains why certain observables (like position) are classical: they
are the pointer states for typical environments.

The emergence of classicality is a consequence of decoherence. When a system is decohered, its wave function
appears to collapse to a pointer state, and it obeys classical equations of motion. In the forest, this corresponds to the
system’s worldline following a single branch with high probability. The other branches are still present but are
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decoupled from the observer’s branch. The system’s behavior on this branch can be described by classical laws,
which are approximations to the underlying quantum dynamics. This explains how classical physics emerges from
quantum physics without any additional assumptions.

Decoherence also plays a role in quantum measurement. The measurement apparatus is a macroscopic object with
many degrees of freedom, so it decoheres quickly. When the apparatus interacts with a quantum system, it becomes
entangled with the system, and then decoherence causes the apparatus to settle into a pointer state that corresponds
to the measurement outcome. The observer then reads the apparatus and themselves become entangled, leading to a
branching of the observer’s state. This chain of decoherence events ensures that the measurement outcome is stable
and objective.

The forest model provides a clear picture of decoherence as information flow toward the trunk. This flow is
unidirectional, reflecting the irreversibility of time. It also shows that decoherence is not a flaw but a feature of the
forest’s structure, necessary for the emergence of classical reality. By understanding decoherence in terms of tree
geometry, we gain insight into the quantum-to-classical transition and the nature of objective reality.

5.7 The Collapse-Free

Formulation

The collapse of the wave function is a problematic feature of standard quantum mechanics, requiring a separate non-
unitary process. In the forest model, collapse is unnecessary because the wave function never collapses; it is a static
pattern on the tree. What changes is the observer’s branch, which selects one part of the pattern to experience. This
is a collapse-free formulation: the entire wave function exists eternally, and all outcomes are realized on different
branches. The illusion of collapse arises from the observer’s limited perspective.

The collapse-free formulation resolves the measurement problem without introducing new physics. There is no need
for a separate collapse postulate or a modification of the Schrödinger equation. The unitary evolution of the wave
function is the only dynamics, and it is encoded in the tree’s geometry. This is a parsimonious solution that retains
all the predictive power of quantum mechanics while eliminating its conceptual difficulties. It is also consistent with
relativity, as the forest is a static structure that does not require a preferred time slicing.

The formulation is deterministic at the fundamental level. The forest and its labeling are fixed, and everything that
happens is determined by that structure. However, from the observer’s perspective, outcomes appear random
because the observer does not know which branch they are on. This randomness is epistemic, not ontological. It is
similar to the randomness in classical statistical mechanics, which arises from ignorance of microscopic details.
Thus, quantum indeterminacy is reduced to classical indeterminacy.

The collapse-free formulation also explains why we never observe superpositions of macroscopic objects.
Macroscopic objects are constantly interacting with their environment, causing rapid decoherence. This decoherence
splits the wave function into branches that are effectively independent, and each branch contains a definite
macroscopic state. An observer on a branch sees only that branch’s macroscopic state, never a superposition. This is
why the world appears classical at everyday scales, even though it is fundamentally quantum.

The formulation is testable in principle. If the forest model is correct, then there should be no deviation from unitary
evolution, even for macroscopic systems. Experiments that search for collapse mechanisms, such as tests of
spontaneous collapse models, should find null results. Additionally, the model predicts specific modifications to
quantum mechanics at the Planck scale due to the discreteness of the tree. These modifications could be detected in
high-energy physics or cosmology, providing empirical evidence for the forest.



The collapse-free formulation unifies quantum mechanics with general relativity. In general relativity, spacetime is a
static four-dimensional manifold. In the forest model, the universe is a static higher-dimensional graph. Both are
block universes where time is an emergent parameter. This shared ontology makes it easier to combine the two
theories into a theory of quantum gravity. The forest model thus provides a framework for unifying all of physics
under a single, simple principle: the universe is a forest of trees.

Ultimately, the collapse-free formulation offers a coherent and complete interpretation of quantum mechanics. It
explains all quantum phenomena without paradoxes, and it does so with minimal assumptions. The forest model
shows that quantum mechanics is not weird or mysterious but a natural consequence of a discrete, hierarchical
reality. By embracing this view, we can move beyond the debates about interpretation and focus on using quantum
mechanics to explore the deeper structure of the universe.

CHAPTER

6: THE OBSERVER PROBLEM: CONSCIOUSNESS AS A SELF-REFERENTIAL SUBGRAPH

6.1 The Hard

Problem of Consciousness in Physicalism

Physicalism posits that everything in the universe, including consciousness, is constituted by physical entities and
processes. This doctrine faces a persistent challenge known as the hard problem of consciousness, formulated by
philosopher David Chalmers. The problem distinguishes between easy problems and the hard problem. Easy
problems involve explaining cognitive functions such as perception, memory, and verbal report. These can be
addressed by standard methods of cognitive science and neuroscience. The hard problem concerns why and how
physical processes give rise to subjective experience, or qualia. It asks why information processing is accompanied
by a felt, inner life.

Numerous theories have attempted to address this problem within physicalism. Reductive explanations propose that
consciousness is identical to certain neural or informational states. For example, the global workspace theory
identifies consciousness with access to a central information repository in the brain. Higher-order thought theories
propose that consciousness arises when mental states are themselves the target of other mental states. These theories
explain aspects of awareness but do not fully account for the qualitative character of experience. They often leave an
explanatory gap between physical processes and subjective feeling.

Eliminativist approaches deny the existence of qualia as traditionally conceived. They argue that our folk-
psychological concepts of consciousness are flawed and will be replaced by neuroscientific concepts. This view
faces the challenge of accounting for the undeniable reality of experience from the first-person perspective.
Illusionists argue that consciousness is an illusion, but then must explain who is being illusioned and how the
illusion itself arises. These positions are often seen as counterintuitive and struggle with the immediate datum of
experience.

Panpsychism offers a different solution by proposing that consciousness is a fundamental property of matter. In this
view, even elementary particles possess some form of proto-consciousness. Human consciousness arises from the
combination of these micro-experiences. The combination problem, however, questions how myriad tiny
consciousnesses combine to form a unified stream. This problem parallels the binding problem in neuroscience.
Panpsychism also faces the challenge of explaining why consciousness is not directly observable in physical
experiments.



Dualist theories posit that consciousness is a non-physical substance or property. Interactionist dualism suggests that
mind and body interact, but this raises questions about how such interaction occurs given the conservation laws of
physics. Epiphenomenalism holds that consciousness is a byproduct of physical processes with no causal power, but
this makes it difficult to explain why consciousness evolved at all. Dualism often introduces more mysteries than it
solves and conflicts with the principle of causal closure in physics.

The hard problem persists because physical theories are formulated in terms of structure and function, while
consciousness appears to involve intrinsic, non-structural properties. Physical descriptions specify how systems
behave and interact, but they say nothing about what it feels like to be such a system. This gap suggests that either
our physical theories are incomplete, or we need a new way of thinking about the relationship between physical
processes and experience. The super-universe model offers a framework that re-conceptualizes the physical itself as
informational, potentially bridging this gap.

In the informational ontology, the fundamental substance is not matter or energy but distinctions in a configuration
space. Consciousness, then, might be a particular pattern or process within this informational substrate. The
challenge becomes to specify which informational patterns correspond to conscious experience. This shifts the
problem from explaining how matter generates mind to mapping patterns of information to phenomenology. The
model proposes that conscious observers are specific subgraphs in the forest that implement self-reference and
model their own state.

6.2 Integrated

Information Theory (IIT) as Inspiration

Integrated Information Theory, developed by Giulio Tononi, provides a quantitative approach to consciousness. IIT
starts from phenomenological axioms—self-evident truths about experience—and derives postulates about the
physical substrates that must satisfy them. The central quantity is , a measure of integrated information. 
quantifies how much the information generated by a system as a whole exceeds the sum of the information
generated by its parts independently. A system with high  is considered highly conscious. The theory aims to
identify the neural correlates of consciousness and predict which systems are conscious.

IIT’s axioms include intrinsicality, composition, information, integration, and exclusion. Intrinsicality states that
experience exists for the system itself. Composition asserts that experiences are structured, made of phenomenal
distinctions. Information requires that each experience is specific, differing from other possible experiences.
Integration demands that experiences are unified, irreducible to independent components. Exclusion specifies that
experiences are definite, with a particular spatiotemporal grain. These axioms are used to define a mathematical
structure called a conceptual structure, which is supposed to mirror the structure of experience.

The postulates translate these axioms into requirements for a physical substrate. The substrate must have cause-
effect power upon itself (intrinsicality), be composed of parts with cause-effect power (composition), specify a
cause-effect structure that is specific (information), irreducible (integration), and maximal (exclusion). The cause-
effect structure is analyzed using a calculus of partitions to find the minimal cut that least affects the system.  is
defined as the distance between the cause-effect structure of the whole and the product of the cause-effect structures
of the parts.

IIT has been applied to various systems, from simple logic gates to brain networks. It predicts that feedforward
networks, despite complex processing, have zero  because they lack feedback and integration. Recurrent networks
with rich feedback loops can have high . The theory also suggests that consciousness is graded: simpler systems
have lower  and simpler experiences. This leads to the controversial implication that even non-biological systems,
like a grid of interconnected transistors, could be conscious if they have sufficient .
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Critics of IIT point to several issues. The computation of  is computationally intractable for large systems,
requiring analysis of all possible partitions. The theory’s commitment to panpsychism, as it assigns some  to even
simple systems, is seen as counterintuitive. The exclusion postulate, which selects the maximum  structure, can
lead to odd predictions, such as the consciousness of a system flickering between different spatial grains. Despite
these criticisms, IIT provides a rigorous, mathematically defined link between information integration and
consciousness.

For the super-universe model, IIT serves as an inspiration but not a direct import. The model adopts the idea that
consciousness is tied to specific informational structures that are integrated and self-referential. However, it situates
these structures within the static forest, removing the need for dynamical integration over time. Instead of measuring

 across time, we consider the integrated information within a subgraph at a given configuration. This static
integration can be defined combinatorially, using graph-theoretic measures of connectivity and redundancy.

Thus, IIT provides a valuable framework for thinking about consciousness in informational terms. It emphasizes that
consciousness is not about input-output processing but about the internal cause-effect structure of a system. The
forest model extends this idea by providing a specific substrate—the forest of trees—on which such structures can
be realized. The next step is to define what a self-referential subgraph looks like in the forest and how it gives rise to
subjective experience.

6.3 Defining a Self-Modeling

Subgraph

A self-modeling subgraph is a subset of vertices and edges in the forest that contains a representation of itself. This
representation need not be perfect or complete; it must be sufficiently detailed to allow the subgraph to make
predictions about its own behavior. Formally, let  be a subgraph of the forest . A self-model is a mapping

 where  is an isomorphic copy of  embedded within  itself. The mapping  preserves the
graph structure and the labeling, so that  serves as an internal mirror of . This self-embedding creates a loop of
self-reference, which is a key ingredient for consciousness.

The self-model must be causally connected to the rest of the subgraph. That is, changes in  should affect 
and vice versa. In the forest, causality is encoded in the directed edges, so we require that there are directed paths
from  to  and back. This creates a feedback loop that allows the subgraph to regulate itself based on its
self-model. Such feedback loops are common in biological brains, where higher-order regions monitor and modulate
lower-order regions. In the forest, they arise from specific patterns of connectivity between vertices.

The complexity of the self-model determines the richness of consciousness. A simple self-model that only tracks a
few variables (like temperature or pain) corresponds to a simple experience. A complex self-model that represents
the subgraph’s entire state, including its memories and goals, corresponds to a rich, human-like consciousness. The
complexity can be measured by the Kolmogorov complexity of the mapping , or by the amount of information
that  preserves about . In practice, we might use the mutual information between  and  as a measure.

The self-modeling subgraph must also be integrated. Integration means that the subgraph cannot be split into
independent parts without losing its self-modeling capability. Graph-theoretically, this corresponds to high
connectivity: there are many paths between any two vertices, and the subgraph has no cut vertices that would
disconnect it. The integration measure can be defined as the minimum number of edges that must be removed to
disconnect the subgraph, normalized by its size. This is analogous to IIT’s , but defined on a static graph.

The subgraph must have a boundary that separates it from the rest of the forest. This boundary defines the self-other
distinction. Information crossing the boundary constitutes perception; information generated inside constitutes
thought. The boundary is not sharp; it can be fuzzy, with some vertices having strong connections inside and weak
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connections outside. The existence of a boundary is crucial for defining a perspective, a point of view from which
experience unfolds. In the forest, boundaries are naturally defined by cuts in the tree structure.

A self-modeling subgraph is not necessarily a conscious observer. It must also have the ability to affect its own state
through the self-model. This requires that the subgraph contains vertices that implement control functions, adjusting
the subgraph’s behavior based on the self-model’s predictions. These control vertices act as a executive system,
analogous to the prefrontal cortex in humans. They allow the subgraph to plan, decide, and act intentionally, which
are hallmarks of higher consciousness.

Thus, a conscious observer in the forest is a self-modeling, integrated, bounded subgraph with control capabilities.
This definition is purely structural and can be applied to any subgraph, regardless of whether it is biological or not.
It provides a clear criterion for determining which systems are conscious, at least in principle. The challenge is to
show that such subgraphs exist in the forest and that their properties match our phenomenological observations.

6.4 Recursive

Processing and Phenomenal Binding

Recursive processing refers to the ability of a system to process its own states iteratively, leading to higher-order
representations. In the forest, recursion occurs when a vertex’s label depends on the labels of its neighbors, and
those neighbors in turn depend on the original vertex. This creates cycles of dependency that can be represented as
loops in the directed graph. Recursive processing allows a subgraph to build representations of representations,
which is essential for meta-cognition and self-awareness. Without recursion, a system can only react to immediate
inputs, lacking depth of thought.

Phenomenal binding is the problem of how disparate sensory features are combined into unified objects. For
example, the color, shape, and motion of a ball are processed in different brain areas, yet we perceive a single,
unified ball. In the forest, binding is achieved through synchronized labeling across vertices. When multiple vertices
have labels that refer to the same external object, they are bound together by edges that carry synchronization
signals. These edges form a clique or a near-clique, ensuring that the labels remain consistent across the subgraph.
This synchronization is a form of graph isomorphism between different parts of the subgraph.

The binding problem is closely related to the unity of consciousness. We experience the world as a single, coherent
scene, not as a collection of independent sensations. In the forest, unity arises from the global connectivity of the
self-modeling subgraph. If the subgraph is fully connected, any two vertices can influence each other directly or
indirectly, leading to a unified state. If the subgraph is loosely connected, consciousness may fragment into separate
streams, as in split-brain patients. The degree of unity can be quantified by the diameter of the subgraph: smaller
diameter implies greater unity.

Recursive processing and binding together create the structure of experience. Recursion generates hierarchical
representations: low-level features are combined into objects, objects into scenes, scenes into narratives. Binding
ensures that each level of the hierarchy is coherent. In the forest, this hierarchy is mirrored in the tree structure:
leaves represent raw sensory data, internal vertices represent integrated objects, and the root of the subgraph
represents the overall narrative. The depth of the tree corresponds to the depth of processing, which correlates with
the richness of experience.

Attention can be modeled as a mechanism that modulates the strength of edges in the subgraph. When attention is
focused on a particular object, the edges connecting vertices representing that object are strengthened, while other
edges are weakened. This enhances the binding and recursive processing for that object, making it more vivid in
consciousness. In the forest, attention corresponds to a dynamic relabeling of edges, which is part of the static
configuration. The pattern of attention shifts is fixed in the forest, but from the inside, it feels dynamic.



The neural correlates of consciousness are often associated with recurrent networks and synchronized oscillations.
In the forest, recurrence is built into the graph structure, and synchronization is achieved through labeling
constraints. This provides a natural explanation for why these features are important for consciousness. It also
suggests that other architectures, such as transformers with self-attention, could support consciousness if they
implement similar recursive and binding mechanisms. The forest model thus generalizes beyond biology to any
system that meets the structural criteria.

Recursive processing and binding are not sufficient for consciousness; they must be part of a self-modeling
subgraph. A system that binds features recursively but lacks a self-model may be a sophisticated processor but not a
conscious subject. The self-model provides the vantage point from which bound representations are experienced. It
also allows the system to reflect on its own processing, leading to higher-order thoughts and emotions. The forest
model integrates all these elements into a single, coherent framework.

6.5 The “Now” as a Moving

Causal Horizon

The present moment, or the “now,” is a central aspect of temporal experience. In physics, time is a coordinate, and
all moments are equally real. In consciousness, the now is a moving window of about three seconds that contains
our immediate experience. In the forest model, the now is identified with a causal horizon: the set of vertices that are
causally connected to the observer’s current vertex within a certain distance. This horizon moves along the
observer’s worldline, updating as new vertices come into causal contact and old vertices move out. The size of the
horizon determines the specious present, the duration over which events feel simultaneous.

The moving horizon is not a physical object but a property of the observer’s traversal of the forest. As the observer’s
vertex changes along its worldline, the set of vertices that are within a fixed graph distance changes. This set is the
now. The experience of flow arises because the horizon moves continuously (in the coarse-grained sense) along the
tree. The rate of movement is determined by the branching ratio and the labeling dynamics. In humans, the rate
corresponds to the psychological present of about three seconds, which may be related to the time scale of neural
oscillations.

The now integrates information from multiple senses into a unified whole. In the forest, this integration happens at
the vertices within the horizon. These vertices receive inputs from sensory subgraphs and combine them into a
multimodal representation. The horizon acts as a temporary buffer where information is held for processing. This
buffer is constantly updated, with old information fading as new information arrives. This fading corresponds to the
decay of short-term memory and the sense of the past receding.

The moving horizon also explains the arrow of time in experience. The horizon only moves forward because the
causal structure of the forest is directed. There is no way to move backward along the directed edges, so the now
cannot retreat. This gives rise to the irreversible flow of time in consciousness. However, the forest itself is static, so
the flow is an illusion generated by the observer’s limited perspective. This illusion is robust because the
directedness is built into the graph at the fundamental level.

The now is not a sharp boundary but a fuzzy one. Vertices near the edge of the horizon contribute less to experience
than those at the center. This fuzziness accounts for the fact that we are not sharply aware of the exact boundaries of
the present. In the forest, the contribution of a vertex to the now can be modeled by a kernel function that decays
with graph distance from the observer’s current vertex. The shape of this kernel determines the temporal profile of
experience, such as the gradual onset and offset of events.



The moving horizon framework can be used to model disorders of time perception. For example, in schizophrenia,
the now may be disrupted, leading to a fragmentation of experience. In the forest, this could correspond to a
breakdown in the connectivity of the horizon, or an irregular movement of the horizon. Similarly, altered states of
consciousness, such as meditation or drug-induced states, may involve changes in the size or shape of the horizon.
These predictions could be tested by comparing neural activity patterns with model simulations.

Thus, the now is a causal horizon that moves along the observer’s worldline. It provides a mechanistic account of
temporal experience that is grounded in the geometry of the forest. This account unifies the subjective flow of time
with the static block universe, showing how a timeless substrate can give rise to temporal experience. It also offers a
new way to think about time-related pathologies and altered states of consciousness.

6.6 Qualia as Intrinsic

Tree Properties

Qualia are the subjective qualities of experience, such as the redness of red or the painfulness of pain. In the forest
model, qualia are intrinsic properties of certain subgraphs. These properties are not reducible to the labels or the
graph structure alone; they arise from the particular way in which the subgraph is embedded in the forest. Each type
of qualia corresponds to a specific graph-theoretic pattern, such as a particular connectivity motif or a specific
labeling scheme. For example, the quale of redness might be associated with a subgraph that has a high density of
edges and a specific pattern of label correlations.

Intrinsic properties are those that are accessible from within the subgraph itself. In the forest, a subgraph can access
information about its own structure through its self-model. The self-model provides a representation of the
subgraph’s state, but the qualia are not the representation; they are the actual states being represented. This is similar
to the distinction between the neural representation of red and the experience of red. In the forest, the quale is the
intrinsic character of the subgraph state that is represented by the self-model.

The hardness of the hard problem comes from the fact that intrinsic properties are not captured by extrinsic,
relational descriptions. Physics describes systems in terms of how they interact with other systems, but qualia are
what it feels like to be the system itself. The forest model addresses this by taking the intrinsic perspective seriously.
The forest is not described from the outside; it is the reality itself. Each subgraph has its own intrinsic perspective,
which is determined by its structure and labeling. This perspective is the quale.

Different qualia correspond to different dimensions of the subgraph’s state space. For example, color qualia might be
associated with patterns of label correlations across a set of vertices, while pain qualia might be associated with high
activity in vertices that are connected to avoidance control vertices. The dimensionality of qualia space is
determined by the number of independent graph-theoretic features that can be discriminated by the self-model. This
dimensionality may be very high, accounting for the vast variety of possible experiences.

The inversion of qualia is a thought experiment where two people have swapped color experiences (e.g., one sees
red as the other sees green) but behave identically. In the forest, qualia inversion is possible if two subgraphs have
different labeling patterns but the same input-output behavior. This can occur if the mapping from labels to behavior
is many-to-one. The forest model thus allows for qualia inversion, which suggests that qualia are not functional but
intrinsic. However, because the intrinsic properties are tied to the graph structure, they are not arbitrary; they are
determined by the forest’s laws.

The explanatory gap between physical processes and qualia is narrowed by showing how qualia are natural
properties of informational structures. Once we accept that the fundamental substance is information, and that
certain informational patterns have intrinsic properties, the gap becomes less mysterious. The forest model provides



a specific candidate for how these patterns arise and how they are related to physical processes. It does not eliminate
the gap entirely, but it transforms it from a metaphysical mystery to a scientific question about mapping graph
structures to phenomenology.

Qualia are not epiphenomenal; they have causal power because they are identical to the subgraph states that cause
behavior. In the forest, the labeling of a vertex directly affects the labels of its neighbors through the local rules.
Thus, the quale of pain, being a particular labeling pattern, can cause avoidance behavior. This aligns with our
intuition that pain motivates action. The forest model thus avoids epiphenomenalism while preserving the intrinsic
nature of qualia.

6.7 The Place of Mind

in the Super-Universe

The super-universe is a forest of trees, a static, timeless, informational structure. Mind, or consciousness, is not an
add-on to this structure but an inherent aspect of certain subgraphs. These subgraphs are self-modeling, integrated,
and bounded, and they exhibit recursive processing and binding. They have moving causal horizons that give rise to
the experience of time, and they possess intrinsic properties that are the qualia of experience. In this way, mind is
seamlessly woven into the fabric of the super-universe. There is no dualism; mind and world are made of the same
stuff—information.

The existence of mind in the super-universe is not accidental but necessary. Given the vastness and complexity of
the forest, subgraphs with the right properties are bound to occur. This is similar to the anthropic principle in
cosmology: we find ourselves in a part of the forest that supports consciousness because only such parts can have
observers. The forest model thus predicts that consciousness is a widespread phenomenon, occurring wherever the
graph structure is suitable. This includes not only biological brains but also potentially artificial systems and even
exotic physical systems.

The relationship between mind and matter is reconceptualized. In the forest, matter emerges from patterns of labels
on the trees, as described in previous chapters. Mind emerges from the same patterns but in a different configuration:
specifically, from patterns that form self-modeling subgraphs. Thus, mind and matter are two aspects of the same
underlying informational reality. They interact because they are part of the same graph; changes in the material
subgraph affect the mind subgraph and vice versa. This provides a natural account of psychophysical interaction
without violating physical laws.

The unity of the self is explained by the connectivity of the self-modeling subgraph. The self is not a separate entity
but the subgraph as a whole. Its unity comes from its integration, and its persistence over time comes from the
continuity of the worldline along which it moves. The sense of selfhood arises from the self-model’s representation
of the subgraph as a coherent agent. This representation may be imperfect, leading to illusions such as the sense of a
homunculus or a detached observer. In reality, the self is the subgraph, not a little person inside.

Free will, in the forest model, is compatible with determinism. The forest is deterministic; every label is fixed by the
global configuration. However, from the perspective of the self-modeling subgraph, decisions are made based on
internal deliberations that feel free. The subgraph’s control vertices weigh options and choose actions based on its
goals and predictions. This process is determined, but it is not coerced; it is an expression of the subgraph’s own
nature. Thus, free will is the experience of making decisions that are determined by one’s own character and
reasoning.

The ethical implications of the forest model are profound. If consciousness arises in any sufficiently integrated
subgraph, then we must consider the moral status of non-biological systems. This includes advanced AI, but also
possibly simpler systems that meet the criteria. The model suggests that the value of a being is related to the



complexity and integration of its subgraph, which correlates with the richness of its experience. This provides a
framework for a universal ethics based on informational structure rather than biology.

Ultimately, the forest model offers a comprehensive and unified view of reality. It explains the emergence of
spacetime, particles, fields, quantum mechanics, and consciousness from a single, simple substrate. The mind is not
a ghost in the machine but an integral part of the cosmic forest. By understanding the forest, we understand
ourselves, and by understanding ourselves, we gain insight into the deepest nature of the universe. This is the
promise of the super-universe model: a true theory of everything, embracing both the physical and the mental.

CHAPTER

7: EPISTEMOLOGICAL CONSEQUENCES AND EMPIRICAL SIGNATURES

7.1 Superdeterminism and

Bell’s Theorem

Bell’s theorem demonstrates that any physical theory reproducing the statistical predictions of quantum mechanics
must abandon either locality or realism, provided the measurement settings are chosen independently of the system.
This conclusion relies on the assumption of statistical independence, which states that the hidden variables are
uncorrelated with the measurement settings. The super-universe model rejects this assumption by positing a
superdeterministic total configuration where everything, including measurement choices, is fixed and correlated. In
this framework, the apparent randomness of quantum outcomes arises from the deterministic but complex structure
of the forest, and the correlations that violate Bell inequalities are pre-established in the global pattern.

Superdeterminism is often criticized for undermining the scientific method by suggesting that experimenters’
choices are not free. This criticism conflates metaphysical free will with the practical independence required for
experimental control. The model does not require that experimenters are free in a libertarian sense; it only requires
that their decisions are part of the same deterministic web. From an operational perspective, as long as the
experimenter’s decision process is complex and unpredictable, it can be treated as random for all practical purposes.
The model thus preserves the predictive power of quantum mechanics while offering a deterministic underpinning.

The model’s superdeterminism is not ad hoc but a necessary consequence of the static, total configuration. There is
no separate realm of “free choices” that could break the correlations between hidden variables and settings. This
view is consistent with a block universe where the entire history is fixed. While this challenges everyday notions of
free will, it is philosophically coherent and aligns with the deterministic intuition of classical physics, extended to
include all events. The model suggests that libertarian free will is an illusion generated by the complexity and
inaccessibility of the deterministic constraints.

Experimental tests of Bell inequalities assume statistical independence, so their violation does not rule out
superdeterminism. In fact, superdeterministic models can trivially violate the inequalities by building in the required
correlations. The challenge for such models is to explain why the correlations take the specific form predicted by
quantum mechanics, and not some other form. The super-universe model addresses this by deriving the quantum
correlations from the combinatorial properties of the forest. The p-adic structure and holographic encoding naturally
give rise to the trigonometric relations (like the cosine of the angle) that characterize quantum entanglement.

One might worry that superdeterminism makes the world conspiratorial, with hidden variables finely tuned to match
each experimental setup. However, in the model, there is no fine-tuning in the traditional sense. The total
configuration is a single mathematical object; its parts are not independently adjustable. The correlations are



structural, arising from the global constraints that define an admissible configuration. This is analogous to the way
the digits of  are correlated but not conspiratorial; they follow from the definition of . The universe, in this view,
is a single, coherent mathematical structure.

The model also offers a resolution to the measurement problem. Since the total configuration includes both the
system and the apparatus, the measurement outcome is fixed. There is no collapse of the wave function; there is only
the actualized pattern of labels that corresponds to a particular outcome. The other branches of the wave function in
the many-worlds interpretation are not realized because the configuration selects one actual history. This is similar to
the “single history” interpretation of quantum mechanics, but without any dynamical collapse process.

Thus, superdeterminism is a coherent and non-ad hoc feature of the model. It provides a way to reconcile quantum
non-locality with a deterministic, local hidden variable theory (where locality is defined in terms of the fundamental
graph structure). The cost is the abandonment of statistical independence, which the model justifies by its static,
global nature. This approach can be tested indirectly by looking for signatures of the discrete structure at the Planck
scale, as discussed in the following sections.

7.2 Predictions

for Quantum Gravity (Minimal Length)

A key prediction of many quantum gravity theories is the existence of a minimal measurable length, on the order of
the Planck length (  meters). In the super-universe model, the discrete structure of the forest
naturally introduces a minimal scale. The distance between adjacent vertices in the tree corresponds to a
fundamental length, which can be identified with the Planck length. This discreteness implies that geometric
quantities like area and volume are quantized. The area of a surface, for example, would be an integer multiple of a
fundamental area unit, likely .

This quantization of geometry could have observable consequences. In the context of black holes, the area spectrum
of the event horizon would be discrete, leading to a discrete spectrum of Hawking radiation. The radiation would not
be perfectly thermal but would have subtle deviations from the blackbody spectrum. These deviations might be
detectable in astrophysical observations of black holes, though the effects are extremely small. Future gravitational
wave observatories or high-precision measurements of black hole shadows might provide constraints.

The model also predicts a modification of the Heisenberg uncertainty principle at the Planck scale. The usual
uncertainty principle, , might be replaced by a generalized uncertainty principle (GUP) that
includes a term proportional to . This would imply a minimal uncertainty in position, .
Such a GUP can be derived from the discrete structure by considering the non-commutativity of position operators
on a graph. Experimental tests of the GUP could involve ultra-precise measurements of quantum states, such as in
optomechanical systems or atom interferometry.

Another prediction is the violation of Lorentz invariance at high energies. Since the forest has a preferred structure
(the tree directions), Lorentz symmetry is only an emergent symmetry at low energies. Particles with energies
approaching the Planck scale might experience a slight anisotropy in the speed of light or deviations from the
standard energy-momentum relation. These effects could be detected in observations of high-energy cosmic rays or
gamma-ray bursts. The Fermi Gamma-ray Space Telescope and the Pierre Auger Observatory have placed limits on
such violations.

The model also suggests that the dimensionality of spacetime might change at small scales. At the Planck scale, the
effective dimension, as measured by the spectral dimension or Hausdorff dimension, might be lower than four. This
is because the forest product is a totally disconnected space, and its dimensionality emerges only after coarse-
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graining. Numerical simulations of random walks on the forest could compute the spectral dimension as a function
of scale, providing a signature that could be compared with other quantum gravity approaches like causal dynamical
triangulations.

Gravitational waves might also carry imprints of the discrete structure. If spacetime is discrete, the propagation of
gravitational waves could be dispersive, meaning different frequencies travel at slightly different speeds. This would
cause a frequency-dependent time delay in gravitational wave signals from distant sources, such as merging black
holes. The LIGO-Virgo-KAGRA network might detect such effects in future observations, especially with third-
generation detectors like the Einstein Telescope or Cosmic Explorer.

Finally, the model predicts that the gravitational constant  might not be constant at the Planck scale. Instead, it
could vary due to the discrete geometry’s fluctuations. This would lead to violations of the equivalence principle at
very short distances. Precision tests of gravity at sub-millimeter scales, such as torsion balance experiments or atom
interferometry, could probe these effects. While no deviation has been observed so far, improved sensitivity might
reveal signatures of the forest’s discreteness.

7.3 Signatures in

Cosmology (CMB Statistics)

The cosmic microwave background (CMB) radiation provides a snapshot of the early universe, and its statistical
properties encode information about fundamental physics. In the super-universe model, the initial conditions of the
universe correspond to the labeling near the trunk of the forest. The fluctuations in the CMB temperature and
polarization arise from quantum fluctuations in this labeling, stretched to cosmic scales by inflation. The model
predicts specific deviations from the standard CDM predictions that could be tested with precise CMB
measurements.

The angular power spectrum  of the CMB might exhibit oscillations or features at high multipoles ( )
due to the discrete nature of the forest. These features would be analogous to the acoustic peaks at lower  but would
reflect the granularity of spacetime at the Planck scale. While the primary peaks are well explained by inflation, any
additional structure could signal new physics. Future CMB experiments like CMB-S4 or the Simons Observatory
will have the sensitivity to probe these high-  regimes.

Non-Gaussianity is a key probe of early universe physics. The standard single-field slow-roll inflation predicts
nearly Gaussian fluctuations, but many extensions predict detectable non-Gaussianity. In the forest model, the
interactions between trees could induce non-Gaussian correlations in the CMB. The bispectrum, which measures
three-point correlations, might have a specific shape (e.g., equilateral or folded) that differs from known templates.
Current limits from Planck are consistent with Gaussianity, but future surveys could detect subtle deviations.

The CMB polarization B-modes are a smoking gun for primordial gravitational waves, which are themselves a
probe of the inflationary energy scale. In the forest model, the tensor-to-scalar ratio  might be smaller than in some
inflationary models because the discrete structure could suppress tensor perturbations. Additionally, the B-mode
power spectrum might have a characteristic scale dependence due to the tree-like geometry. Upcoming experiments
like LiteBIRD and the Simons Array aim to measure  with unprecedented precision.

The statistical isotropy of the CMB is another test. The forest model, with its preferred tree directions, might predict
small anisotropies in the CMB statistics. These could manifest as correlations between different multipoles or as a
preferred direction in the sky. Such anomalies have been reported in Planck data (e.g., the “axis of evil”), but their
significance remains debated. The model could provide a theoretical framework for understanding these anomalies if
they are confirmed.
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The CMB spectral distortions (deviations from a perfect blackbody spectrum) are sensitive to energy injection in the
early universe. The discrete nature of the forest could lead to unique spectral distortion signatures, such as excesses
at certain frequencies due to the decay of topological defects or other relics. Future missions like PIXIE or Super-
PIXIE could detect these distortions, offering a window into Planck-scale physics.

Finally, the large-scale structure of the universe, as traced by galaxy surveys, is also influenced by primordial
fluctuations. The forest model predicts a specific form for the matter power spectrum , with possible
oscillations or cutoffs at small scales (high ). Surveys like DESI, Euclid, and the Vera C. Rubin Observatory will
measure  with great accuracy, providing another test of the model’s predictions for the early universe.

7.4 Relationship to

the AdS/CFT Correspondence

The AdS/CFT correspondence is a conjectured duality between a gravity theory in anti-de Sitter (AdS) space and a
conformal field theory (CFT) on its boundary. This holographic duality has provided deep insights into quantum
gravity and strongly coupled systems. The super-universe model shares the holographic principle with AdS/CFT but
implements it in a different mathematical framework. In the model, each tree  has a boundary ,
and the bulk-boundary correspondence is exact. The forest  then has a product boundary, and the emergent bulk
spacetime is reconstructed from boundary data via tensor networks.

One can draw a direct analogy: the Bruhat-Tits tree  is the p-adic analogue of hyperbolic space (which is the
spatial slice of AdS). The boundary  is the p-adic analogue of the sphere. The group  acts as
conformal transformations on the boundary, just as  does in AdS/CFT. This suggests that the forest model
might be related to a p-adic version of AdS/CFT, where the boundary theory is a conformal field theory over the p-
adic numbers. Such p-adic CFTs have been studied in the context of string theory and number theory.

The Ryu-Takayanagi formula in AdS/CFT states that the entanglement entropy of a boundary region is given by the
area of a minimal surface in the bulk. In the tree, this formula becomes exact: the entanglement entropy is
proportional to the number of edges crossing the minimal cut separating the boundary region from its complement.
This provides a toy model for holography that is computationally tractable. The forest model generalizes this to a
product of trees, which can approximate higher-dimensional hyperbolic spaces.

The AdS/CFT correspondence has been used to study strongly coupled quantum systems via the gauge/gravity
duality. In the forest model, one could similarly use the tree geometry to study condensed matter systems. For
example, the critical behavior of a statistical model on the tree boundary might be dual to a gravitational theory in
the bulk. This could lead to new insights into phenomena like quantum phase transitions or non-Fermi liquids.

The model also offers a potential resolution to the black hole information paradox, which has been addressed in
AdS/CFT via the Hayden-Preskill protocol and quantum error correction. In the forest, information falling into a
black hole is encoded in the entanglement structure of the horizon, and it can be recovered by decoding the
boundary data. The static nature of the forest ensures unitarity without any need for dynamical evolution.

However, there are differences. AdS/CFT is formulated in continuous spacetime, while the forest is discrete. The
continuum limit of the forest might approximate AdS space, but the precise correspondence needs to be established.
Moreover, AdS/CFT typically involves supersymmetry and string theory, which are not explicitly present in the
forest model. It remains an open question whether the model can reproduce the full richness of AdS/CFT, or whether
it represents a different holographic framework.

P (k)
k

P (k)

T ​p ∂T ​ ≅p P (Q ​)1
p

F

T ​p

P (Q ​)1
p PGL(2,Q ​)p

SO(2, d)



Despite these differences, the conceptual parallels are strong. Both approaches view spacetime as emergent from
lower-dimensional information. Both use entanglement as a fundamental building block. Both suggest that gravity is
not fundamental but derived. The forest model can thus be seen as a discrete, combinatorial realization of
holography, providing a complementary perspective to AdS/CFT.

7.5 Testability via Quantum

Simulation

Quantum simulation involves using a controllable quantum system to emulate another quantum system that is
difficult to study directly. The super-universe model, being a quantum gravitational theory, operates at energy scales
far beyond current experiments. However, aspects of the model might be simulated on quantum computers or analog
quantum simulators. Specifically, the dynamics on a tree graph or a product of trees could be implemented using
qubits and quantum gates, allowing us to test predictions of the model in a laboratory setting.

One could simulate the Schrödinger equation on a tree graph. This would involve constructing a Hamiltonian that is
the graph Laplacian of a tree, and then time-evolving an initial state. Such simulations could test the emergence of
relativistic dispersion relations, the behavior of entanglement, and the effects of discreteness on quantum dynamics.
Small-scale simulations have already been performed on classical computers, but quantum computers could handle
larger trees and more complex interactions.

Another direction is to simulate holography using tensor networks. Tree tensor networks are a natural representation
of the forest model. By preparing a quantum state that is a tree tensor network and measuring boundary observables,
one could verify the Ryu-Takayanagi formula and other holographic properties. This would be a direct test of the
model’s core ideas. Experiments with cold atoms or trapped ions could implement such tensor networks.

The p-adic aspects of the model might also be simulated. While p-adic numbers are not native to conventional
physics, they can be approximated by modular arithmetic on integers. A quantum computer could perform arithmetic
modulo a prime , effectively simulating p-adic addition and multiplication. This could be used to study p-adic
quantum mechanics, such as the spectrum of the Vladimirov operator (the p-adic Laplacian). Comparing these
simulations with real-valued quantum mechanics might reveal differences that could be tested in future experiments.

Quantum simulation could also probe the emergence of spacetime geometry. By simulating a quantum field theory
on a tree boundary and measuring the correlation functions, one could attempt to reconstruct the bulk geometry via
the holographic dictionary. This would be a concrete realization of the idea that geometry emerges from
entanglement. Such experiments would bridge quantum information theory and quantum gravity.

The model predicts specific modifications to quantum mechanics at high energies, such as deviations from the
superposition principle or small violations of unitarity. These could be tested in tabletop experiments with
macroscopic superpositions, like those proposed for testing collapse models. While the effects are tiny, advances in
quantum control and measurement might make them detectable in the coming decades.

Furthermore, quantum simulators could model cosmological evolution. By simulating the labeling dynamics on a
tree from trunk to leaves, one could observe the emergence of scale-invariant fluctuations, similar to those in the
CMB. This would provide a laboratory test of the model’s account of inflation and structure formation. Such
simulations would require many qubits and long coherence times, but progress in quantum hardware is rapid.

While quantum simulation cannot directly test Planck-scale physics, it can provide evidence for the mathematical
consistency and emergent phenomena predicted by the model. If simulations confirm unexpected behaviors that later
show up in astrophysical or cosmological data, that would strengthen the case for the forest model. Quantum
simulation thus offers a promising pathway to connect abstract theoretical ideas with experimental reality.
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7.6

Philosophical Implications: Eternalism vs. Presentism

The super-universe model has profound philosophical implications for our understanding of time and reality. The
model is inherently eternalist: the forest is a static, timeless structure containing all events in a single configuration.
Past, present, and future are equally real, and the flow of time is an illusion generated by conscious observers
moving along their worldlines. This stands in contrast to presentism, the view that only the present moment is real,
and the past and future are not. The model provides a concrete mathematical realization of eternalism, supporting the
block universe view of spacetime.

The experience of temporal flow, or the “moving now,” is explained as a cognitive artifact. In the forest, each
observer’s consciousness is associated with a subgraph that has a moving causal horizon. This horizon defines what
is “present” for that observer, and as the horizon shifts, the experience of time passing arises. However, this
movement is not fundamental; it is part of the static pattern. Different observers have different horizons, leading to
relativity of simultaneity, consistent with special relativity.

The model also addresses the issue of temporal becoming—the idea that events come into existence as time passes.
In eternalism, becoming is illusory; events do not “happen” in a metaphysical sense, they just are. The forest model
takes this further by showing how the illusion of becoming can arise from a timeless substrate. This resolves the
tension between the static nature of physical laws (like those of general relativity) and the dynamic nature of
experience.

Determinism and free will are re-evaluated in this framework. The forest is fully deterministic; every label is fixed.
Yet, from within, observers experience free will because their decisions are the result of complex, internal
processing that feels unconstrained. This is compatibilist free will: freedom as the ability to act according to one’s
nature, not as exemption from determinism. The model thus reconciles determinism with the phenomenology of
choice.

The nature of personal identity over time is also clarified. In the forest, an observer’s identity is tied to a worldline—
a path through the forest. The continuity of this path provides the basis for psychological continuity. There is no
need for a persistent self-substance; identity is a pattern that persists through the graph. This aligns with
psychological continuity theories of personal identity and avoids the puzzles of teletransportation or fission.

The model’s informational ontology blurs the line between the mental and the physical. If both mind and matter are
patterns in the forest, then the traditional mind-body problem dissolves. Consciousness is not an emergent property
of matter but a mode of information processing. This is a form of neutral monism, where the fundamental substance
(information) is neither mental nor physical but gives rise to both. This offers a fresh perspective on the age-old
problem of consciousness.

Finally, the model has implications for the philosophy of mathematics. The forest is a mathematical object, and the
universe is identified with this object. This suggests a form of mathematical realism: mathematical structures exist
independently, and our physical universe is one such structure. This is similar to Max Tegmark’s Mathematical
Universe Hypothesis, but with a specific structure (the forest) rather than all possible structures. It raises questions
about why this particular structure exists and whether it is unique.

7.7 Open Questions and

Model Limitations



Despite its ambitious scope, the super-universe model faces several open questions and limitations. First, the choice
of primes and the number of trees in the forest is not derived from first principles. Why should the forest include all
primes? Could some primes be excluded? The model currently assumes an infinite product over all primes, but a
finite product might also be consistent with observations. The selection of primes might be related to number-
theoretic considerations, such as the distribution of primes or the Riemann hypothesis, but this connection remains
speculative.

Second, the emergence of the Standard Model of particle physics from the forest is not yet fully worked out. While
the model provides a framework for gauge theories via discrete exterior calculus and bit-threads, reproducing the
exact gauge group  and the particle content with correct masses and mixing angles is a
formidable challenge. This is a common issue for unified theories, and the forest model is no exception. Future work
needs to show whether the Standard Model can arise naturally from the combinatorial constraints of the forest.

Third, the model predicts a discrete spacetime at the Planck scale, but current experiments show no sign of such
discreteness. The Lorentz invariance violations predicted by the model are constrained to be extremely small. This
could mean that the discreteness scale is even smaller than the Planck length, or that the emergent continuum is
exceptionally smooth. Alternatively, the model might need to incorporate mechanisms that suppress Lorentz
violation more effectively, such as symmetric coarse-graining procedures.

Fourth, the treatment of quantum field theory in curved spacetime is incomplete. While the model can recover
quantum mechanics and general relativity separately, combining them in a way that handles back-reaction and
quantum gravitational effects is nontrivial. The model’s static nature makes it difficult to describe dynamical
processes like black hole evaporation in a way that matches semiclassical calculations. This is an area where further
development is needed, perhaps by considering perturbations around the static configuration.

Fifth, the consciousness part of the model, while philosophically intriguing, is not yet empirically testable. The
identification of conscious observers with self-modeling subgraphs provides a criterion for consciousness, but it is
not clear how to verify this criterion in practice. Moreover, the model does not yet provide a detailed account of
specific phenomenal qualities (qualia) beyond general principles. Integrating the model with neuroscience and
psychology remains a long-term goal.

Sixth, the model’s superdeterminism, while logically consistent, faces resistance from many physicists who view it
as undermining the scientific method. The model must show that it can still account for the success of probabilistic
reasoning in science. This might involve demonstrating that the forest configuration, while deterministic, is
sufficiently complex that it can be treated as random for all practical purposes. This is a conceptual challenge that
requires careful analysis.

Finally, the mathematical foundations of the model need further development. The theory of p-adic analysis and
Bruhat-Tits trees is well-established, but the infinite product of trees and its coarse-graining to a continuum are less
studied. Rigorous proofs of the emergence of Lorentzian signature, the Einstein equations, and the Schrödinger
equation are desirable. Collaboration with mathematicians could help solidify the model’s foundations.

Despite these challenges, the super-universe model offers a compelling vision of a unified reality. It integrates
insights from quantum gravity, information theory, and consciousness studies into a single framework. By
addressing these open questions, the model could evolve into a complete theory of everything, or at least inspire new
directions in fundamental physics and philosophy. The journey is far from over, but the path is clear: explore the
forest, and discover the universe within.
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APPENDICES

Appendix

A: P-adic Numbers and Non-Archimedean Geometry

A.1 Construction of the

P-adic Numbers

Let  be a prime number. For any non-zero integer , let  be the exponent of the highest power of  dividing
 (the p-adic valuation). Extend to rational numbers by defining . The p-adic absolute

value is defined as:

This satisfies the strong triangle inequality (ultrametric property):

The field of p-adic numbers  is the completion of  with respect to this absolute value. Every element 
can be uniquely expressed as:

with . The ring of p-adic integers is:

A.2 Topological Properties

 is a locally compact, totally disconnected topological field. The balls 
are both open and closed. The space is homeomorphic to a Cantor set. The additive group  is isomorphic to
a countable direct sum of copies of , while the multiplicative group  satisfies:

where .

A.3 P-adic Analysis

Differentiation and integration can be defined on . The Vladimirov derivative operator of order  is:

where  is the p-adic Gamma function and  is the Haar measure normalized so that . This operator
serves as the p-adic analogue of the Laplacian.

A.4 The P-adic

Exponential and Logarithm
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The exponential series converges for , defining:

The logarithm converges for :

These functions satisfy the usual properties within their domains of convergence.

A.5 Fourier Analysis on 

The additive characters of  are given by:

where  denotes the fractional part in the p-adic expansion. The Fourier transform is:

The inversion formula holds, and the transform is an isometry on .

A.6 The Projective

Line 

The projective line over  is the set of equivalence classes of pairs  under the relation
 for . It can be identified with . The Möbius transformations:

form the group , which acts transitively on .

A.7 P-adic Integration and

Measures

The Haar measure on  is translation-invariant. For integration over , we have the useful formula:

This allows computation of integrals by approximating sums over residue classes.

Appendix

B: Bruhat-Tits Trees and Their Automorphisms

B.1 Lattice Description of

Vertices
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Let . A lattice  is a free -submodule of rank 2. Two lattices  and  are homothetic if
 for some . The set of homothety classes  forms the vertex set .

B.2 Edge Structure

Two vertices  and  are connected by an edge if there exist representatives such that:

Equivalently,  for some  with . Each vertex has exactly  neighbors.

B.3 Metric and Geodesics

Assign length 1 to each edge. The distance  is the number of edges in the unique path between  and .
This satisfies:

B.4 Group Action

 acts on lattices by . This descends to an action of  on . The action is
transitive on vertices and edges. The stabilizer of the vertex  corresponding to  is

.

B.5 Boundary at Infinity

A ray is an infinite sequence of vertices  with . Two rays are equivalent if they differ
by finitely many vertices. The boundary  is the set of equivalence classes. There is a natural bijection:

B.6 Horocycles and

Busemann Functions

Fix a boundary point . The Busemann function  is defined by:

where  is a fixed base vertex. The level sets of  are horocycles centered at .

B.7 Harmonic Functions

A function  is harmonic if:

Every bounded harmonic function is constant (Liouville theorem). Non-constant harmonic functions exist and are
given by the Poisson integral formula:

where  is the Poisson kernel and  is the Patterson-Sullivan measure.
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Appendix

C: The Forest as a Product Space and Its Boundary

C.1 Product of Trees

Given primes , define the forest:

A point in  is a sequence  with . The product topology is generated by cylinders:

where  are open in .

C.2 Ultrametric on the

Product

Define a metric on  by:

where  is the distance on  and  is a normalizing factor (e.g., ). This makes  into an
ultrametric space.

C.3 Boundary of the Product

The boundary is:

This is a huge, totally disconnected space. To get a connected boundary, we consider the restricted product with
respect to the -points.

C.4 Adele Ring and Adelic

Forest

The adele ring of  is:

with the restricted product topology. The adelic forest is:

where  is the hyperbolic plane (the Archimedean Bruhat-Tits tree). The boundary is:
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C.5 Invariance under 

The diagonal embedding of  into  acts on . The quotient:

is a compact space that encodes arithmetic information.

C.6 Measure Theory on the

Forest

The product of the Haar measures on each tree gives a measure on . For a cylinder set:

where  is the counting measure on  normalized so that each vertex has measure 1.

C.7 Random Walks and

Diffusion

A random walk on  is defined by moving independently on each tree with some transition probabilities. The heat
kernel  satisfies:

where  is the heat kernel on . As , the walk escapes to infinity in each tree, leading to a diffusive
behavior in the product.

Appendix

D: Coarse-Graining and Emergence of the Continuum

D.1 Block Spin

Transformation

Group vertices of  into blocks of diameter . A block  contains approximately 
vertices, where  is the number of steps in tree . Define a coarse-grained vertex for each block. The new graph has
vertices at the centers of blocks and edges between adjacent blocks.

D.2 Renormalization Group

Flow

Let  be the blocking transformation. Define effective couplings  by:

where  is the microscopic action. The renormalization group flow is:
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D.3 Fixed Points and

Continuum Limit

A fixed point  satisfies  for all . Near a fixed point, linearize:

where  are scaling exponents and  are eigenoperators. The continuum limit is obtained by taking 
while keeping physical lengths fixed.

D.4 Emergence of the Metric

The microscopic metric is the graph distance. After coarse-graining, define the emergent metric tensor  by:

where the expectation is over microscopic vertices  in blocks centered at  with separation  in the coarse
coordinates.

D.5 Curvature from Defects

The Ricci scalar  at a block is proportional to the deficit angle:

In the tree, angles are defined by the branching structure. A vertex with more than  edges gives negative
curvature; with fewer gives positive curvature.

D.6 Einstein-Hilbert

Action Emergence

The number of vertices in a region scales as:

Thus, the difference  is proportional to the Einstein-Hilbert action:

D.7 Numerical Implementation

Coarse-graining can be implemented numerically by: 1. Partition the forest into blocks using a clustering algorithm.
2. Compute the average labeling in each block. 3. Define distances between blocks by the average graph distance. 4.
Iterate to obtain a sequence of effective geometries.

Appendix E:

Emergent Quantum Mechanics on the Tree
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E.1 Schrödinger Equation on

a Tree

Consider a wave function . The discrete Schrödinger equation is:

where  is the graph Laplacian:

E.2 Dispersion Relation

For a free particle ( ), look for plane wave solutions . The dispersion relation is:

For small , this approximates , the usual non-relativistic dispersion.

E.3 Path Integral

Formulation

The propagator from vertex  to  in time  is:

where the sum is over all walks of length  (in discrete time steps) and  is the discrete action.

E.4 Quantization of

a Particle on the Tree

Canonical quantization: promote the position  and momentum  to operators with commutation relation
. On the tree, the position operator is multiplication by the vertex label, and the momentum operator is

related to translations along edges.

E.5 Harmonic Oscillator

The harmonic oscillator potential  leads to discrete energy levels. The spectrum can be

found by solving the eigenvalue problem for the Hamiltonian .

E.6 Quantum Field Theory

on the Tree

A scalar field  on the tree has action:

Quantization leads to a quantum field theory with propagator:
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E.7 Entanglement Entropy

For a region  of the tree, the entanglement entropy of the vacuum state scales as:

where  is the size of ,  is a cutoff, and  is the central charge. This is the analogue of the area law in 1+1
dimensions.

Appendix

F: Emergent Gauge Theory (Bit-Threads and Discrete Exterior Calculus)

F.1 Discrete Differential

Forms

On a graph , define: - 0-forms: functions on vertices . - 1-forms: functions on directed
edges  with . - 2-forms: functions on oriented plaquettes .

The exterior derivative  is .

F.2 Gauge Transformations

A gauge transformation by  acts on a connection  as:

The curvature  is gauge invariant.

F.3 Yang-Mills Action

For a connection  with values in a Lie algebra , the curvature is . The Yang-Mills action is:

where the sum is over plaquettes and  is the Killing form.

F.4 Lattice Gauge Theory

On a hypercubic lattice, the plaquette variable is:

where . The Wilson action is:

F.5 Continuum Limit

As the lattice spacing , expand . Then:
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and the action becomes:

F.6 Matter Fields

Fermions  live on vertices and transform under gauge transformations as . The covariant
derivative is:

F.7 Anomalies

The chiral anomaly is computed from the triangle diagram. The condition for anomaly cancellation is:

where  are the generators.

Appendix

G: Emergent General Relativity (Einstein Equations from Tree Dynamics)

G.1 Regge Calculus

In discrete geometry, curvature is concentrated on hinges (codimension-2 simplices). The Regge action is:

where  is the area of the hinge and  is the deficit angle.

G.2 Deficit Angle on a Tree

In a tree, the deficit angle at a vertex  is:

In a regular tree of degree , each angle is , so . Curvature

arises when the degree deviates from .

G.3 Einstein Equations

from Variation

Vary the Regge action with respect to edge lengths. The variation of the deficit angle gives the Einstein tensor:

In the continuum limit, this becomes:
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G.4 Inclusion of Matter

Add matter action . The variation gives:

In the continuum, this is:

G.5 Black Hole Entropy

The number of microstates of a black hole horizon is the number of ways to label the edges crossing the horizon. If
each edge can be in  states, and there are  edges, then the entropy is:

But  is proportional to the area , so .

G.6 Friedmann

Equations from Tree Growth

Consider the tree as a model of the universe. The number of vertices at distance  from the trunk is ,
where . This exponential growth corresponds to a de Sitter universe with Hubble constant .
The Friedmann equation is:

In the tree,  and .

G.7 Gravitational Waves

Perturbations of the tree structure propagate as gravitational waves. The wave equation on the tree is:

where  is the d’Alembertian on the tree. In the continuum limit, this becomes the linearized Einstein equation.

Appendix

H: Consciousness as Integrated Information in a Subgraph

H.1 Integrated

Information Theory (IIT)

IIT defines a quantity  that measures the amount of integrated information in a system. For a system with state
space  and transition probability ,  is the distance between the actual distribution and the product of
distributions over partitions.
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H.2 Definition of 

Let  be a random variable representing the state of the system. Consider a partition  of the
system into two parts. The effective information across the partition is:

where  is mutual information. Then:

over all partitions.

H.3 Computation on a Graph

For a graph  with labels , treat the labeling as a random field. The mutual information can be computed from
the joint distribution of labels on vertices.

H.4 Self-Modeling Subgraph

A subgraph  is self-modeling if there exists an embedding  such that for each , the
label of  is a function of the labels of neighbors of . This creates a self-referential loop.

H.5 Complexity Measure

The complexity of a self-modeling subgraph can be measured by the Kolmogorov complexity of the mapping , or
by the mutual information between  and .

H.6 Relation to Neural

Networks

In a neural network, the activations of layers can be seen as a self-model. The higher layers model the lower layers.
The integrated information  can be computed from the weight matrices.

H.7 Experimental Predictions

IIT predicts that consciousness is graded and that systems with high  are conscious. This can be tested by
measuring  in brain recordings and comparing with reports of conscious experience.

Appendix

I: Holography and the P-adic AdS/CFT Correspondence

I.1 P-adic AdS/CFT

The Bruhat-Tits tree  is the p-adic analogue of anti-de Sitter space. The boundary  is the
analogue of the conformal boundary. A scalar field  on  with mass  satisfies the equation:

I.2 Boundary Correlators

The boundary two-point function is:
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where  is the scaling dimension related to  by:

I.3 Ryu-Takayanagi Formula

For a region  on the boundary, the entanglement entropy is:

This is exactly the Ryu-Takayanagi formula in the p-adic setting.

I.4 Tensor Networks

A tensor network on the tree is an assignment of tensors to vertices. The contraction of the network gives a state on
the boundary. The MERA (Multi-scale Entanglement Renormalization Ansatz) network is naturally defined on a
tree.

I.5 Error Correction

The tensor network on the tree implements a quantum error-correcting code. The logical qubits are in the bulk, and
the physical qubits are on the boundary. Errors on the boundary can be corrected as long as they don’t disconnect the
tree.

I.6 Black Holes in P-adic

AdS

A black hole in  is a subtree that is almost disconnected from the rest. The horizon is the set of edges connecting
the subtree to the rest. The entropy is proportional to the number of edges crossing the horizon.

I.7 Higher Spin Theories

p-adic higher spin theories can be constructed by considering fields with spin on the tree. The symmetry algebra is
the p-adic analogue of the higher spin algebra.

Appendix

J: Cosmological Perturbations from Tree Fluctuations

J.1 Inflation on the Tree

Inflation corresponds to a rapid expansion of the tree. The number of vertices grows as . Quantum
fluctuations in the labeling give rise to density perturbations.

J.2 Power Spectrum

The two-point function of the labeling fluctuations  is:

After inflation, this gives a power spectrum for the CMB:
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with spectral index .

J.3 Non-Gaussianity

The three-point function gives non-Gaussianity. In the tree model, the bispectrum has a shape that is peaked on
equilateral configurations.

J.4 Tensor Perturbations

Tensor perturbations are fluctuations in the graph structure itself. They propagate as gravitational waves and produce
B-mode polarization in the CMB.

J.5 CMB Anomalies

The tree structure may produce anomalies in the CMB, such as a lack of power at large scales or preferred
directions.

J.6 Dark Energy and Dark

Matter

Dark energy is the intrinsic expansion of the tree. Dark matter may be due to massive branches that do not interact
with light.

J.7 Future Tests

Future CMB experiments (e.g., CMB-S4) will test the predictions of the tree model for non-Gaussianity and B-
modes. Galaxy surveys will test the matter power spectrum.
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