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Introduction

1.1 The confinement problem in quantum chromodynamics

Confinement—the confinement of quarks and gluons within hadrons—is one of the most
fundamental and, at the same time, least understood phenomena in modern physics. According
to quantum chromodynamics (QCD), quarks and gluons are the elementary particles of the
strong interaction. However, under normal conditions, these fundamental degrees of freedom
are never observed individually; they are confined within composite bound states—protons,
neutrons, pions, and hadrons as a whole. Understanding the mechanisms that explain this
observed fact remains one of the main challenges of modern particle physics.

As noted in the 2025 review, "confinement is undoubtedly one of the most intriguing properties
of strongly interacting matter." Although QCD is firmly established as the theory of strong
interactions, the mechanism by which colored quarks are permanently bound into color-neutral
hadrons remains a central challenge. Understanding confinement requires more than simply
observing the absence of free quarks; it requires a quantitative description of how the strong
interaction creates the binding forces acting on quarks within hadrons.
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The problem is made particularly acute by the fact that direct analytical advances in four-
dimensional Yang—Mills theory and quantum chromodynamics have proven extremely difficult,
as these theories resist standard perturbative methods. As a recent paper summarizes, "the
impossibility of an analytical description of quark confinement in strongly coupled quantum
chromodynamics in 3+1 dimensions remains a serious obstacle. "

1.2 Current state of confinement research

Over the past decades, a wide range of approaches to the confinement problem have been
developed, each offering its own methods and interpretations, but none providing a complete
analytical solution.

Lattice QCD remains the most powerful computational tool for studying confinement. As noted
in the 2025 review, "a significant amount of information comes from lattice simulations studying
the nature of the gluon-mediated interaction between quarks and antiquarks as a function of
their distance." The resulting linearly increasing potential is interpreted in terms of
chromoelectric flux tubes, which were also observed in the simulations. However, as
emphasized in the same review, "lattice QCD does not provide a definitive answer to this
question, since it loses effectiveness and ultimately fails in the region of finite baryon chemical
potential due to the notorious sign problem. "

In 2025-2026, significant new results were achieved. In Mamo (2025), confinement is
formulated as an "entropic surface phenomenon": quark and gluon quantum information is
localized on a transverse entangling two-dimensional sphere where the QCD vacuum achieves
its maximum entanglement entropy. These results "provide a confinement criterion quantified
directly from nonperturbative QCD input data, combining the trace anomaly, entanglement
entropy, and high-energy scattering in a single quantitative framework." (2026) propose a
method for determining and measuring the force acting on quarks in the proton using available
experimental data. "Direct evidence for confinement is obtained because the force is attractive
and constant over a wide range of quark positions. "

The holographic approach (AdS/CFT) offers an alternative way to understand confinement. The
soft-wall AdS/QCD model describes key features of QCD, including confinement,
phenomenological Regge trajectories, and asymptotic freedom. Kondo (2025) showed that
"quark confinement is realized by a nonperturbative vacuum disorganized by topological
defects" and proposed a holographic description of the dominance of hyperbolic magnetic
monopoles on AdSs.

String and flux-tube models are also actively developing. The low-energy confinement regime
of QCD is often modeled by Nambu—Goto strings, which connect quark-antiquark pairs in
mesons. The 2026 paper "Universal Confining Strings" explores the description of quark
confinement in terms of confining strings or flux-tubes. Modern methods, such as stochastic
normalizing fluxes, allow for a quantitative description of the subtle details of the confinement
mechanism in various lattice gauge theories.
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However, despite impressive progress, a complete analytical solution to the confinement
problem remains elusive. As a recent review emphasizes, "Understanding quark confinement
from the governing equations of quantum chromodynamics remains a problem under active
investigation. "

1.3 Purpose and objectives of the study

The present work aims to propose a fundamentally new interpretation of quark confinement
within the framework of the Acta Universi (AU) hypothesis —an information-ontological
paradigm in which the fundamental entity is the entropy field of thought forms Sg, and all
physical interactions arise as emergent properties of its dynamics.

Specific objectives of the study:

1. Develop a mathematical formalism that relates confinement to field dynamics Sg: a
modified Yang—Mills action with entropy terms and a nonlocal kernel K (x, y).

2. Interpret the color charge as a coherent topological configuration of the field Sg, and
the isolated quark as a source creating a divergent entropy gradient.

3. Show how a nonlocal nucleus K (x, y)forms a string between a quark and an antiquark,
giving a linear potential V(R) = oRwith tension o =~ (440 MaB)?consistent with the
phenomenology of QCD.

4. Formulate the entropy condition for confinement: [ _ VS I? d*x < Scy, where

Scritis the critical entropy associated with the hadron surface area.

5. Describe the deconfinement phase transition as the disappearance of the field Sgat
high temperatures or densities, leading to the formation of a quark-gluon plasma with a
critical temperature T, ~ 1500f 200MeV.

1.4 The place of AU among alternative approaches to confinement

The proposed AU approach occupies a unique place in the spectrum of confinement theories.

Unlike lattice QCD, which yields numerical results but offers no analytical explanation, AU
proposes an analytical mechanism for confinement through information-entropy constraints.
Unlike the holographic approach (AdS/CFT), which relies on the duality between bulk gravity
and boundary QFT, AU introduces a direct connection between the color field and the entropy
field of thoughtforms Sgthrough a modified Yang—Mills action.

Unlike string models, which phenomenologically introduce a linear potential, the AU derives
string tension afrom dynamics Sgand a nonlocal core K (x, y). Unlike the dual superconductor
theory (condensation of magnetic monopoles), which is one of the most promising but still
hypothetical concepts, the AU offers a microscopic justification through entropy confinement
—the prohibition of the existence of isolated color charge due to entropy divergence.

Thus, AU does not reject existing approaches, but integrates them into a deeper information-
ontological framework, where confinement turns out to be not a random property of QCD, but
13



a necessary consequence of the finite information capacity of the Universe, determined by the
holographic limit S},g/0-

1.5 Structure of the work

The article is organized as follows.

Part | (Chapters 1-2) provides an overview of standard approaches to confinement in QCD:
lattice calculations, the holographic AdS/CFT approach, string models, and dual superconductor
theory. Chapter 2 examines nonperturbative confinement mechanisms and current theoretical
challenges.

Part Il (Chapters 3—4) presents the ontological foundations of the AU approach: the field Sgas a
fundamental reality, the color charge as a coherent configuration of the field, the modified
Yang—Mills action with entropic terms, the equation for the color field with an entropic source.

Part Ill (Chapters 5—6) analyzes the mechanism of confinement in the AU: nonlocal core
K (x, y)and string formation, linear potential and string tension, entropy condition of
confinement, confinement radius and its relation to the AU parameters.

Part IV (Chapters 7-8) considers the deconfinement phase transition: quark-gluon plasma as an
entropic transition, critical temperature T, hadrons as stable entropic structures, hadron mass
through the integral of Sg.

Part V (Chapters 9-10) formulates experimental consequences and testable predictions:
modifications of the hadron spectrum, AU signatures in quark-gluon plasma, possible effects in
the cosmology of the early Universe.

Part VI (Chapters 11-13) contains a comparison of AU with standard QCD, the holographic
AdS/CFT approach, and other information theories.

Part VIl (Chapters 14-15) discusses the philosophical implications and contains a conclusion
summarizing the main results and prospects for further research.

This introduction sets the conceptual framework for the subsequent presentation, positioning
the AU approach as an information-entropic alternative to standard confinement theories,
capable of explaining the retention of color from a single principle - the finiteness of the
information capacity of the entropy field of thought forms Sg.
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Part |. Confinement in standard quantum
chromodynamics: current state

Chapter 1. Quantum Chromodynamics and the Color
Confinement Problem

1.1 Confinement as the central mystery of modern physics

Confinement—the confinement of quarks and gluons within hadrons—is, without exaggeration,
one of the most fundamental and, at the same time, least understood phenomena in modern
physics. According to quantum chromodynamics (QCD), quarks and gluons are the elementary
particles of the strong interaction. However, under normal conditions, these fundamental
degrees of freedom are never observed individually; they are confined within composite bound
states—protons, neutrons, pions, and hadrons as a whole. Understanding the mechanisms that
explain this observed fact remains one of the main challenges of modern particle physics.

As a recent review notes, "confinement is undoubtedly one of the most intriguing properties of
strongly interacting matter." Although QCD is firmly established as the theory of strong
interactions, the mechanism by which colored quarks are permanently bound into color-neutral
hadrons remains a central challenge. Understanding confinement requires more than simply
observing the absence of free quarks; it requires a quantitative description of how the strong
interaction creates binding forces on quarks within hadrons.

The problem is made particularly acute by the fact that direct analytical advances in four-
dimensional Yang—Mills theory and quantum chromodynamics have proven extremely difficult.
As a recent paper summarizes, "we are unable to analytically calculate even simple aspects of
confinement, let alone have a framework for a definitive proof of confinement." The problem
lies in the need to evolve the theory from a perturbative regime to a long-wavelength confining
regime.

1.2 Fundamentals of Quantum Chromodynamics: The SU(3) Gauge
Group and Color Charge

1.2.1 Non-Abelian gauge theory of strong interactions

Quantum chromodynamics is a non-Abelian gauge theory with SU(3) symmetry group. Unlike
quantum electrodynamics (QED), where the interaction between charged particles is described
by the exchange of neutral photons, in QCD, the interaction between quarks occurs through the
exchange of gluons—vector bosons that themselves carry color charge. This fundamental
feature—the self-interaction of gluons—leads to a qualitatively different behavior of
interactions at different scales.

15



A key property of QCD is asymptotic freedom: at short distances (high energies), the coupling
constant becomes small, and the interaction can be described perturbatively. However, at long
distances (low energies), the coupling becomes strong, leading to nonperturbative phenomena,
including confinement. It is this nonperturbative regime that remains the least studied and the
most difficult to describe analytically.

As a recent review emphasizes, "the phenomenon of confinement is broad, and its definition
and/or manifestation can take various forms." This diversity of manifestations indicates that
confinement is not a simple consequence of a single mechanism, but arises from a complex
interplay of various nonperturbative effects.

1.2.2 Quarks, gluons and color charge

In standard QCD, quarks carry a color charge (red, green, blue), which is the source of the gluon
field. Unlike electric charge in QED, color charge exists in three "colors" and their antiparticle
anticolors. Only colorless (color-neutral) combinations of quarks—mesons ( qq), baryons ( qqq),
and exotic states—are observed as free particles.

Gluons, unlike photons, carry color charge themselves and can interact with each other. This
interaction is key to understanding confinement: the gluon field, unlike the electromagnetic
field, does not weaken with distance, but rather concentrates into narrow tubes— flux tubes —
between color sources.

Confinement can be imagined as a consequence of vacuum fluctuations of chromodynamic
fields "concentrating the color flux into narrow tubes." This mechanism creates a linearly
increasing potential between static quarks and ensures the "absence of color asymptotic states."
A simple way to visualize this is that when attempting to break apart a quark-antiquark pair,
instead of separating the quarks, the binding energy becomes so high that new quarks are
created.

1.3 Non-perturbative methods for confinement studies

1.3.1 Lattice QCD: Numerical Confirmation and Its Limitations

The most powerful computational tool for studying confinement is lattice QCD. This approach
discretizes spacetime, allowing nonperturbative quantities to be calculated using numerical
Monte Carlo integration. As noted in the review, "a significant amount of information comes
from lattice simulations studying the nature of the gluon-mediated interaction between quarks
and antiquarks as a function of their distance. "

The results of lattice calculations clearly demonstrate a linearly increasing potential between
qguarks and antiquarks, which can be interpreted in terms of chromoelectric flux tubes, which
were also observed in simulations. These results provide the most compelling quantitative
confirmation of confinement at a fundamental level.

However, as the same review emphasizes, "lattice QCD does not provide a definitive answer to
this question, since it loses effectiveness and ultimately fails in the region of finite baryon
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chemical potential due to the notorious sign problem." This fundamental limitation means that
lattice methods cannot be applied to a wide class of physically important situations, including
high-density regions relevant to neutron stars and the early Universe.

Furthermore, as Shierholz notes in his 2026 paper, "although we have several additional
confinement models, some of which are phenomenologically attractive, we lack the ability to
analytically calculate even simple aspects of confinement." This points to a fundamental gap
between numerical results and analytical understanding.

1.3.2 Holographic AdS/CFT approach

The holographic approach (AdS/CFT correspondence) offers an alternative way to understand
confinement. In this approach, a strongly coupled four-dimensional gauge theory is mapped
onto a weakly coupled gravity theory in five-dimensional anti-de Sitter space. This allows one to
explore the nonperturbative properties of QCD using classical calculations in the gravity dual
theory.

Within the AdS/QCD framework, two main phenomenological models have been developed:
the hard-wall model, in which confinement arises from a truncation of AdS space at a certain
radius, and the soft-wall model, in which confinement is modeled using a smooth dilaton field
profile. As shown in papers published in 2025, these models successfully describe confinement
and chiral symmetry breaking in strongly coupled gauge theories.

A paper on holographic QCD with rotating plasma (2025) explores the "joint effect of rotation
and finite chemical potential in the confinement/deconfinement transition of strongly
interacting matter." This demonstrates the growing ability of holographic methods to describe
the QCD phase diagram under various conditions.

However, the holographic approach, despite its heuristic power, remains phenomenological. It
is not derived directly from QCD, but rather represents a dual model that must be calibrated
using lattice calculations or experimental data. As noted in a recent review, "holographic light-
front quantum chromodynamics (HLFQCD)" introduces "the color confinement scale of QCD in
the context of graded superconformal algebra," indicating attempts to give holographic models
a more fundamental status.

1.3.3 String and flux tube models

The low-energy confinement regime of QCD is often modeled using Nambu—Goto strings, which
connect quark-antiquark pairs in mesons. In this approach, confinement arises because the
string's energy increases linearly with its length, creating a linear potential between the quarks.

A major advance in recent years has been the application of quantum computing to modeling
confined strings. A 2026 paper published in Communications Physics presents a "quantum
algorithm for compact lattice quantum electrodynamics in 2+1 dimensions with dynamical
fermionic matter." Using a variational quantum approach, the authors extract "the static
potential between charges in the Coulomb, confinement, and string-breaking regimes."
Furthermore, they "visualize the electric flux configurations that predominantly contribute to
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the quantum ground-state wavefunction, providing insight into the mechanisms of confinement
and string-breaking. "

As shown in Koma and Koma (2025), "the dual Ginzburg—Landau (DGL) theory describes the
QCD vacuum as a dual superconductor and has electric flux tube solutions via the dual Meissner
effect, which applies to the quark confinement mechanism. "

1.3.4 Dual superconductor

One of the most promising, but still hypothetical, models of confinement is the dual
superconductor theory. According to this idea, the QCD vacuum behaves like a dual
superconductor, in which monopoles form a condensate, and the color field is expelled into thin
tubes—similar to how a magnetic field is expelled from a conventional superconductor (the
Meissner effect).

A 2025 paper presented "evidence that color confinement is driven by dual superconductivity of
the QCD vacuum." It stated that "the confinement mechanism is dual superconductivity of the
vacuum, if {u) # Qin the confinement phase. "

The dual Ginzburg—Landau (DGL) theory provides an effective description of this mechanism,
allowing one to study the properties of finite-length flux tubes corresponding to a quark—
antiquark system. As the authors note, "the properties of a conventional superconductor are
described by the Ginzburg—Landau theory, where its response to a magnetic field depends
sensitively on the type of superconducting phases, characterized by the Ginzburg—Landau
parameter, which is determined by the ratio of the penetration depth to the coherence length."
Similarly, the QCD vacuum can be effectively described by the dual Ginzburg—Landau theory.

called superinsulators has been discovered in condensed matter— " an electrical analogue of
the dual superconductor mechanism proposed for confinement in quantum chromodynamics."
In superinsulators, "Cooper pairs are confined by electric fields compressed into strings through
a monopole condensate," mirroring the dual Meissner effect and reminiscent of quark
confinement in hadrons.

1.4 Current Research Directions (2025-2026)

1.4.1 Confinement as an entropic surface phenomenon

In Mamo's (2025) paper, confinement is formulated as an entropic surface phenomenon: quark
and gluon quantum information is localized on a transverse entangling two-dimensional sphere
where the QCD vacuum achieves its maximum entanglement entropy. These results “provide a

confinement criterion quantified directly from nonperturbative QCD input data, combining trace
anomaly, entanglement entropy, and high-energy scattering in a single quantitative framework.

This approach is particularly important in the context of the AU hypothesis, since it directly links
confinement with entropy and information, the central concepts of the AU ontology.
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1.4.2 Measuring the force acting on quarks

A method for determining and measuring the force acting on quarks in a proton using available
experimental data was proposed in the paper by Ji et al. (2026). "Direct evidence for
confinement is obtained, as the force is attractive and constant over a wide range of quark
positions. "

This experimental confirmation of the constancy of the confinement force is an important
milestone. In the AU approach, this constant force is interpreted as a consequence of the
constant field gradient Sgalong the string.

1.4.3 Spin entanglement as a confinement probe

The STAR Collaboration (2025) explores the relationship between confinement and quantum
entanglement. Experimental data indicate "spin correlations in hyperon pairs AAinherited from
virtual spin-correlated strange quark-antiquark pairs." Measurements at the RHIC collider
revealed a "relative polarization signal (18 + 4)%" that "links virtual spin-correlated quark
pairs from the QCD vacuum to their finite-state hadronic counterparts. "

This discovery is of fundamental importance: it demonstrates that quantum entanglement,
created by the creation of virtual quark-antiquark pairs from the vacuum, is preserved during
confinement. As shown in the paper, "the correlation vanishes when the hyperon pairs are
widely separated in angle, consistent with the decoherence of the quantum system." This
provides "a new experimental model for studying the dynamics and interactions of quark
confinement and entanglement. "

1.4.4 Geometric approaches to confinement

The 2026 paper "Geometric QCD I: The Hodge-Dual Surface and Quark Confinement" proposes
a geometric approach in which "the confinement mechanism relies on the self-duality of the
area derivative—a property that exists exclusively in four dimensions." This suggests that
confinement may be a consequence of the fundamental geometric structure of spacetime, not
just the dynamics of gauge fields.

1.4.5 Quarkiton: a single-quark state near the confinement boundary

Chernodub (2025) discusses a "single-quark state in the confined phase at a reflective
chromium-metallic boundary." It is shown that "a probe quark is confined to a neutral mirror by
a Cornell-type attractive potential, suggesting the existence of a mirror-bound single-quark

m

state—a 'quarkiton.'" This discovery demonstrates that confinement can manifest itself in

unexpected forms given special boundary conditions.

1.5 Theoretical Challenges and the Need for a New Ontology

Despite impressive progress in numerical and phenomenological approaches, a complete
analytical solution to the confinement problem remains elusive. As a recent review
emphasizes, "Understanding quark confinement from the governing equations of quantum
chromodynamics remains a problem under active investigation. "
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Key theoretical challenges include:

1. Lack of an analytical mechanism: as shown in Shirholz (2026), "we lack the ability to
analytically calculate even simple aspects of confinement, let alone have a framework
for a definitive proof of confinement." The problem lies in the evolution of the theory
from the perturbative regime to the long-wave confining regime.

2. Sign problem in lattice calculations: At finite baryon chemical potential, lattice methods
lose efficiency due to the "notorious sign problem", which limits their applicability to a
wide class of physically important situations.

3. Fragmentation of theoretical approaches: As noted in the review by Lukashov and
Simonov (2025), "the existing theory is not yet complete, and in many areas the standard
theory is descriptive in nature with adjustable parameters." The standard approach to
QCD "accepts a set of selected models, such as purely perturbative QCD theory, chiral
perturbation theory, string models, and others," but "all these models, when compared
with experiment, require phenomenological implications that treat confinement. "

4. The need for a unified theory: as summarized in the same review, "a complete theory of
QCD is impossible without a proper theory of confinement." Confinement "not only
explains the confinement phenomenon and all the relevant data but can also serve as a
building block for the entire theory of QCD. "

It is in this context that the Acta Universi hypothesis proposes a fundamentally new approach
that goes beyond existing models. Rather than viewing confinement as a purely dynamical
property of QCD, AU interprets it as a consequence of fundamental information-entropic
constraints imposed by a nonlocal archive of thought forms and a field Sg. This perspective
does not deny the achievements of standard approaches, but seeks to integrate them into a
deeper ontological framework, where confinement is not a random property of strong
interactions, but a necessary consequence of the finite information capacity of the universe.

1.6 Summary

In this chapter, we examined the current state of the confinement problem in quantum
chromodynamics. Key findings:

1. Confinement —the confinement of quarks and gluons within hadrons—is one of the
most fundamental and, at the same time, least understood phenomena in modern
physics. Despite the fact that quantum chromodynamics has firmly established itself as
the theory of strong interactions, an analytical understanding of the confinement
mechanism remains elusive.

2. Lattice QCD provides the most compelling numerical evidence for confinement,
including a linearly increasing potential between quarks and flux tubes. However, lattice
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methods face fundamental limitations, including the sign problem for a finite baryon
chemical potential.

3. The holographic approach (AdS/QCD) offers an alternative way to understand
confinement through the duality between a strongly coupled gauge theory and weakly
coupled gravity. However, it remains phenomenological and requires data calibration.

4. String and dual superconductor models offer intuitive pictures of confinement via flux
tubes and monopole condensation. These models successfully describe many aspects of
confinement but remain effective theories.

5. Current research (2025-2026) points to new promising directions: confinement as an
entropic surface phenomenon, measurement of confinement force, spin entanglement
as a confinement probe, and geometric approaches.

6. Theoretical challenges include the lack of an analytical mechanism for confinement, the
fragmentation of theoretical approaches, and the need for a unified theory.

In the next chapter, we will consider non-perturbative confinement mechanisms in more detail,
focusing on the central elements—vacuum condensates, topological defects, and modern
theoretical challenges—that form the basis for the AU information-entropy approach.

Chapter 2. Non-perturbative confinement mechanisms

The previous chapter reviewed the foundations of quantum chromodynamics and the current
state of the confinement problem. It was shown that, despite impressive progress in numerical
and phenomenological approaches, a complete analytical solution to the color confinement
problem remains elusive. As noted in a recent review, "confinement is undoubtedly one of the
most intriguing properties of strongly interacting matter," and "understanding the mechanisms
that explain this observed fact is one of the main goals of modern particle physics." In this
chapter, we turn to the nonperturbative mechanisms that, according to current ideas, underlie
confinement. We consider the central elements—vacuum condensates and topological defects,
't Hooft duality and dual superconductor theory, string and flux tube models, and the AdS/QCD
holographic approach. An analysis of these mechanisms shows that, despite all their heuristic
power, they remain phenomenological or require additional assumptions, which creates the
basis for the transition to the information-entropy approach of the Acta Universi hypothesis.

2.1 Central elements of the nonperturbative vacuum

2.1.1 Quark and gluon condensates

The modern understanding of the QCD vacuum differs radically from the idea of it as a void. As
noted in a recent paper, "once considered mere emptiness, the vacuum is now understood to
possess a rich and complex structure characterized by fluctuating energy fields and a
condensate of virtual quark-antiquark pairs. "
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The key characteristics of a nonperturbative QCD vacuum are a quark condensate (ggq)and
gluon condensate (G,vaa’“’)These condensates arise from strong vacuum fluctuations and play
a fundamental role in confinement and spontaneous chiral symmetry breaking.

A key result of recent years is the discovery of a connection between the trace anomaly of QCD
and confinement. As shown in Liu's (2025) paper, "the trace anomaly of QCD balances the
pressures exerted by quarks and gluons, thereby playing a key role in confining hadrons. This
anomaly arises from gluon and quark condensates in the vacuum and exhibits the same
pressure-energy density relation as the cosmological constant. "

This discovery has profound implications: it connects the nonperturbative physics of QCD with
cosmology through a single mechanism—vacuum condensation. As noted in the same study, "a
similar phenomenon is observed in type Il superconductors, where the same pressure-energy
density relation arises from the decoupling of Cooper pairs in the vortex core." This analogy
between the QCD vacuum and superconductors is central to understanding confinement.

Modern research also shows that "the QCD vacuum must represent a state of a dual
superconductor with a condensate of monopole-antimonopole pairs, similar to Cooper pairs in
conventional superconductors." This suggests that confinement can be understood as a
consequence of the condensation of magnetic monopoles—topological defects discussed
below.

2.1.2 Topological defects: monopoles, vortices and instantons

In nonperturbative QCD, topological defects —monopoles, vortices, and instantons—play a
central role. As noted in the review by Kondo (2025), "in nonperturbative QCD, color
confinement and chiral symmetry breaking are two important unsolved problems. Topological
objects such as monopoles and instantons are thought to play an important role in these
phenomena. "

Instantons are classical solutions of the Yang—Mills equations with finite action in Euclidean
spacetime. They describe tunneling between different topological vacua and are related to fthe
-vacuum structure of quantum chromodynamics. As shown in a recent paper, "the topological
structure of the theta vacuum becomes a requirement arising from the existence of instanton
solutions with nontrivial winding number." The same paper proposes "an instanton screening
mechanism that generates confinement. "

Center vortices are another class of topological defects that lattice simulations show to play a
key role in confinement. As noted in a 2025 paper, "lattice simulations and theoretical analyses
consistently identify center vortices and monopoles as key nonperturbative configurations in
Yang—Mills theory." These vortices are shown to "demonstrate that the Wilson loop for
fundamental quark test particles obeys an area law at large distances. "

Particularly important is the geometric approach to confinement developed by Kondo and his
colleagues. A 2025 paper proposes "a new, rigorous framework for understanding quark
confinement based on a nonperturbative vacuum disorganized by topological defects." In this
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framework, "hyperbolic magnetic monopoles and hyperbolic vortices, obtained in a unified way
through conformal equivalence under dimensional reduction from symmetric instantons with
different spatial symmetries," show that "quark confinement is realized by a nonperturbative
vacuum disorganized by these topological defects. "

This approach is particularly important in the context of the AU hypothesis, as it directly links
confinement to entropy and information through the topological structure of the vacuum. As
will be shown in subsequent chapters, the AU approach suggests an interpretation of these
topological defects as configurations of the entropy field of thought forms Sg.

2.2 't Hooft duality and the theory of dual superconductors

2.2.1 't Hooft—Mandelstam mechanism

One of the most influential and promising, yet still hypothetical, pictures of confinement is the
dual superconductor theory, also known as the 't Hooft-Mandelstam mechanism. As noted in
the philosophical analysis by De Haro and Butterfield (2025), this mechanism "is based on the
condensation of magnetic monopoles that screen the color electric charge confined inside
electric color tubes. "

In a conventional superconductor, electric charges (in the form of Cooper pairs) condense,
creating the Meissner effect, which displaces the magnetic field into thin tubes (Abrikosov
vortices). In a dual superconductor, the roles are reversed: magnetic charges (monopoles)
condense, and the color electric field is displaced into thin tubes—flux tubes—that connect a
quark and antiquark.

As Ripka's review explains, "in the presence of quark color electric charges, Gauss's law prevents
the electric field from completely vanishing, since the electric field flux must carry the color
electric charge from the quark to the antiquark. The best the Meissner effect can do is compress
the electric field lines into a minimal space, creating a thin flux tube that connects the quark and
antiquark in a straight line." As the distance between the quark and antiquark increases, "the
flux tube becomes longer but maintains its minimum thickness. The electric field flows parallel
to the flux tube and maintains a constant profile in the perpendicular direction. The very
geometry of the flux tube ensures a linear increase in energy, creating a linearly increasing
potential between the quark and antiquark. "

This mechanism provides an intuitive picture of confinement: attempting to break apart a
guark-antiquark pair requires the creation of ever-increasing energy, which eventually becomes
sufficient to produce a new pair that preserves confinement.

2.2.2 Abelian projection and monopole condensate

The key element of the 't Hooft-Mandelstam mechanism is the Abelian projection —a gauge
fixation that reduces a non-Abelian theory SU(3)to an Abelian U(1)?theory with monopoles.

ni

As noted in the review, "'t Hooft proposed the intriguing idea that QCD reduces to an Abelian
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gauge theory that includes monopoles in the Abelian gauge, and confinement is realized via
monopole condensation: the electric field is eliminated from the QCD vacuum by the dual
Meissner effect. "

Within the Abelian projection, “color confinement could be understood in the framework of dual
superconductivity using the 't Hooft Abelian projection." Preliminary lattice simulations show
that "for all types of monopoles studied, the vacuum behaves as a dual superconductor and
undergoes a phase transition to the normal state at the deconfinement point. "

However, as the review emphasizes, "the qualitative description actually conceals many
problems related to the Abelian projection." In particular, the question of the gauge invariance
of the mechanism remains open—confinement should be independent of the choice of gauge.
Current research is aimed at obtaining "a manifestly gauge-independent picture of quark
confinement that supports dual superconductivity in Yang—Mills theory, which should be
comparable to the Abelian projection proposed by 't Hooft. "

2.2.3 The Ginzburg—Landau Dual Theory

The dual Ginzburg—Landau (DGL) theory provides an effective description of a dual
superconductor. As noted in Koma and Koma (2025), "DGL theory describes the QCD vacuum as
a dual superconductor and has electric flux-tube solutions via the dual Meissner effect, which
applies to the quark confinement mechanism. "

The properties of a dual superconductor, like a normal one, are characterized by the Ginzburg—
Landau parameter k— the ratio of the penetration depth to the coherence length. The type of
superconducting phase determines the structure of the flux tubes and, consequently, the
properties of the hadrons. As the authors note, "the question of the type of the dual
superconducting phase of the QCD vacuum remains open, since the results of lattice simulations
do not provide a definitive answer. "

Koma and Koma (2025) present a "powerful numerical method for solving field equations in DGL
theory with U(1)dual gauge symmetry." A key aspect of the method is the "formulation of DGL
theory on the dual lattice, which allows one to study any system consisting of finite-length flux
tubes." This makes it possible to study “significant end effects that are absent in the solution for
an infinitely long flux tube. "

2.3 String and flux tube models

2.3.1 Effective String Theory (EST)

The low-energy confinement regime of QCD is often modeled using Effective String Theory
(EST). As noted in Caselle et al. (2025), "EST offers a robust nonperturbative formalism for
describing confinement in Yang—Miills theory by treating the confinement flux tube between a
static quark—antiquark pair as a thin, vibrating string. "

24



In this approach, confinement arises because the string's energy increases linearly with its
length, creating a linear potential between quarks. EST calculations are typically performed
using zeta-function regularization, but "some problems—such as determining the flux tube
width—are too complex to solve analytically. "

Modern research utilizes deep learning to numerically investigate ESTs. As demonstrated in the
work of Caselle et al., "recent studies have demonstrated that ESTs can be numerically
investigated using deep learning methods based on generative algorithms." This opens new
possibilities for studying the subtle properties of flux tubes, including their width and
fluctuations.

The 2025 paper "Spectrum of Open Confining Strings in the Large-Nc Limit" conducted a
"careful study of the spectrum of an open confining string in 3+1 dimensions, commonly called
an open flux tube, for various gauge groups. SU(N,)" These studies show that the spectrum of
flux tubes has universal properties independent of the details of the gauge group.

Of particular importance is the 2026 result on the "exact confining solution of the planar QCD
loop equation via a matrix ensemble," which provides "the first known explicit construction of a
quark-confined minimal surface that exactly solves the planar QCD loop equation." This opens
"a new avenue for understanding gauge-string duality from first principles. "

2.3.2 Nambu—Goto strings and their quantization

The classical model of a confined string is the Nambu—Goto string, which describes a relativistic
string with an action proportional to the world surface area. Although this model is not directly
derived from QCD, it successfully describes many properties of hadronic spectra, including
Regge trajectories.

The 2025 paper "Real-Time String Dynamics in a 2 + 1D Non-Abelian Lattice Gauge Theory"
explores "real-time flux string dynamics in a non-Abelian lattice gauge theory." It notes that
"understanding the flux string dynamics may provide insights into quark confinement and
hadronization. "

Quantization of Nambu—Goto strings faces a number of technical challenges, including the ghost
and anomaly problem. However, modern methods, such as stochastic normalizing flows, allow
us to quantitatively describe the subtle details of the confinement mechanism in various lattice
gauge theories.

2.4 Holographic AdS/QCD approach

2.4.1 Soft-wall and hard-wall models

The holographic approach (AdS/CFT correspondence) offers an alternative way to understand
confinement. In the AdS/QCD framework, a strongly coupled four-dimensional gauge theory is
mapped onto a weakly coupled gravity theory in five-dimensional anti-de Sitter space. This
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allows one to explore the nonperturbative properties of QCD using classical calculations in the
gravity dual theory.

In the AdS/QCD framework, two main phenomenological models have been developed: the
hard-wall model, in which confinement arises due to a cutoff of the AdS space at some radius,
and the soft-wall model, in which confinement is modeled using a smooth profile of the dilaton
field.

As noted in the 2026 paper, "in the confinement phase, with Dirichlet (Neumann) boundary
conditions, the anomalous dimensions turn out to be negative (positive)." This demonstrates
that holographic models are capable of reproducing key features of the QCD spectrum.

The 2026 paper "Confining potential in holographic bottom-up QCD from WKB" solves "the
inverse quantum mechanical problem in holographic QCD by deriving the confinement bulk
potential directly from a given hadronic spectrum." This represents an important step toward a
more accurate holographic description of confinement.

2.4.2 Confinement/deconfinement phase transition in AdS/QCD

The holographic approach is particularly successful in describing the
confinement/deconfinement phase transition at finite temperature. As demonstrated in a
2025 paper, "using the holographic AdS/QCD model, we show that introducing an energy scale
in AdS space leads to a change in the topological class. This modification corresponds to the
existence of confinement and deconfinement phases separated by a Hawking—Page transition at
finite critical temperature. "

The 2026 paper "Confinement/deconfinement at low temperatures and rotation in the exact
soft wall model" studies "the effects of rotation on the confinement/deconfinement phase
transition of strongly interacting matter at low temperatures in the soft-wall AdS/QCD model at
finite density." It shows that “there is a critical angular velocity ( w,) of hadronic matter that
depends on the baryon density, representing a strong constraint on rotation in hadronic matter."
If w = wy, "there is no phase transition, and QCD matter remains in the deconfined plasma
phase. "

These results demonstrate that the holographic approach yields a rich phase transition
phenomenology that can be tested in heavy ion collision experiments.

2.4.3 Holographic description of monopoles and vortices

Of particular importance is the holographic description of topological defects proposed by
Kondo (2025). In this approach, "a hyperbolic monopole on SO(3) = SU(2)is completely
determined by its holographic data on the conformal boundary H3, which reduces the non-
Abelian Wilson loop placed on to SZan Abelian loop determined by the vortex field dH?3(Abelian
dominance and monopole dominance), without additional dynamical assumptions beyond
symmetry reduction. "
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In the semi-classical regime of a rarefied gas of these finite-action defects, "the formalism yields
a Wilson area law, thus providing analytical support for the dual superconductor confinement
picture. "

This result is of fundamental importance: it demonstrates that the holographic approach can
provide an analytical justification for the dual superconductor mechanism, which is missing in
lattice QCD. As noted in the paper, "this unified treatment of two topological defects yields a
semiclassical picture of quark confinement in the sense of Wilson. "

2.5 Contemporary theoretical challenges

2.5.1 Lack of a complete analytical solution

Despite impressive progress in numerical and phenomenological approaches, a complete
analytical solution to the confinement problem remains elusive. As the review emphasizes,
"understanding quark confinement from the fundamental equations of quantum
chromodynamics remains a problem under active investigation. "

This problem is particularly acute for finite baryon chemical potentials. As noted in the review,
"lattice QCD does not provide a definitive answer to this question, since it loses effectiveness and
ultimately fails in the region of finite baryon chemical potentials due to the notorious sign
problem." This fundamental limitation means that lattice methods cannot be applied to a wide
class of physically important situations, including high-density regions relevant to neutron stars
and the early Universe.

As noted in Shirholz's paper (2026), "we lack the ability to analytically calculate even simple
aspects of confinement, let alone have a framework for a definitive proof of confinement." The
problem lies in the need to evolve the theory from a perturbative regime to a long-wavelength
confining regime.

2.5.2 Fragmentation of theoretical approaches

Modern confinement theory is characterized by a fragmentation of approaches. As noted in
the review by Lukashov and Simonov (2025), "the existing theory is not yet complete, and in
many areas the standard theory is descriptive in nature with adjustable parameters." The
standard approach to QCD "accepts a set of selected models, such as purely perturbative QCD
theory, chiral perturbation theory, the string model, and others," but "all these models, when
compared with experiment, require phenomenological implications that treat confinement. "

Various approaches—lattice QCD, holographic AdS/QCD, string models, and dual
superconductor theory—offer complementary, but not always consistent, pictures of
confinement. As the same review summarizes, "a complete theory of QCD is impossible without
a proper theory of confinement." Confinement "not only explains the confinement phenomenon
and all the relevant data but can also serve as a building block for the entire theory of QCD. "
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2.5.3 The need for a unified ontological framework

The fragmentation of theoretical approaches points to the need for a unified ontological
framework that could unify the various pictures of confinement. As shown in Touati (2025), "the
results obtained allow us to interpret quark confinement as a geometric property of spacetime,
arising naturally from its structure without introducing any confinement potential. "

In Mamo's (2025) paper, confinement is formulated as an entropic surface phenomenon: quark
and gluon quantum information is localized on a transverse entangling two-dimensional sphere
where the QCD vacuum achieves its maximum entanglement entropy. These results "provide a

confinement criterion quantified directly from nonperturbative QCD input data, combining trace
anomaly, entanglement entropy, and high-energy scattering in a single quantitative framework.

This approach is particularly important in the context of the Acta Universi hypothesis, as it
directly links confinement to entropy and information —the central concepts of AU ontology.
As will be shown in subsequent chapters, the AU approach offers an interpretation of
confinement as a consequence of fundamental information-entropic constraints imposed by a
non-local archive of thought-forms and a field Sg, thereby uniting various pictures of
confinement into a single ontological framework.

2.6 Transition to the AU approach

The analysis of non-perturbative confinement mechanisms reveals several key themes that form
the basis for the AU information-entropy approach:

1. The role of vacuum condensates: The QCD vacuum possesses a rich structure
characterized by condensates of quarks and gluons. In the AU approach, these
condensates are interpreted as manifestations of the entropy field of thought forms Sg.

2. Topological defects: Monopoles, vortices, and instantons play a central role in
confinement. In the AU approach, they are interpreted as topological field configurations
Se-

3. Dual superconductivity: The 't Hooft-Mandelstam mechanism offers an intuitive picture
of confinement via monopole condensation. In the AU approach, this mechanism
receives an information-entropic justification.

4. Strings and flux tubes: The linear potential between quarks arises from flux tubes. In the
AU approach, the string tension ais derived from the dynamics Sgand the nonlocal core

K(x,y).

5. The entropic nature of confinement: Modern research suggests that confinement can
be understood as an entropic surface phenomenon. The AU approach offers a concrete
realization of this idea through the holographic limit S},jo-
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6. The need for a unified framework: The fragmentation of theoretical approaches points
to the need for a unified ontological framework. The AU approach offers such a
framework through informational monism.

In the next chapter we will move on to the ontological foundations of the AU approach to
confinement, presenting the thought-form entropy field Sgas the fundamental reality from
which the color charge, gluon field, and confinement emerge.

2.7 Summary

In this chapter, we examined nonperturbative confinement mechanisms in quantum
chromodynamics. Key findings:

1. Vacuum condensates —quark and gluon—play a central role in confinement. The trace
anomaly of quantum chromodynamics arising from these condensates balances the
pressure in hadrons, analogous to the cosmological constant.

2. Topological defects —monopoles, vortices, and instantons—are the key nonperturbative
configurations responsible for confinement. Modern geometric approaches show that
confinement is realized by a nonperturbative vacuum disorganized by these defects.

3. The dual superconductor theory (the 't Hooft—Mandelstam mechanism) offers an
intuitive picture of confinement via the condensation of magnetic monopoles and the
dual Meissner effect. The dual Ginzburg—Landau (DGL) theory provides an effective
description of this mechanism.

4. String and flux tube models describe confinement through a linear potential between
quarks. Effective string theory (EST) and Nambu—Goto strings successfully reproduce
many properties of hadronic spectra.

5. The holographic AdS/QCD approach offers an alternative way to understand
confinement through the duality between a strongly coupled gauge theory and weakly
coupled gravity. This approach provides analytical support for the dual superconductor
picture.

6. Contemporary challenges include the lack of a complete analytical solution, the
fragmentation of theoretical approaches, and the need for a unified ontological
framework. Confinement as an entropic surface phenomenon points to a possible
connection with information and entropy.

In the next chapter we will move on to the ontological foundations of the AU approach, showing
how the entropy field of thought forms Sgcan serve as a unified basis for understanding
confinement.
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Part II. Ontological foundations of the AU approach

Chapter 3. The Entropy Field of Thought Forms $gand
Color Charge

In the previous chapters, we reviewed the current state of the confinement problem in
guantum chromodynamics and showed that, despite impressive progress in numerical and
phenomenological approaches, a complete analytical solution to color confinement remains
elusive. Lattice QCD, the holographic AdS/QCD approach, string models, and dual
superconductor theory each offer complementary, but not entirely consistent, pictures of
confinement. As noted in Chapter 2, modern research increasingly points to the connection
between confinement and entropy and information: confinement can be understood as an
entropic surface phenomenon (Mamo, 2025), and quantum entanglement plays a key role in
quark dynamics (STAR Collaboration, 2025). In this chapter, we turn to the ontological
foundations of the Acta Universi (AU) hypothesis, demonstrating that the entropy field of
thoughtforms Sgprovides a unified informational basis for understanding color charge and
confinement. We interpret color charge as a coherent topological configuration of the field Sg,
and confinement as a consequence of the fundamental limitation imposed by the finite
information capacity of the Universe, determined by the holographic limit S},,;,-

3.1 AU-ontology: information as a primary entity

The Acta Universi hypothesis is based on information monism —the assertion that information,
not matter or spacetime, is the fundamental reality. As formulated in the programmatic work
"Acta Universi: Emergent Spacetime from the Entropy of Thought and Integrated Information, "
"spacetime, metric structure, and causality are not fundamental, but emerge from a nonlocal
archive of events, the entropy field of thoughtforms, and the field of integrated information."
This ontological shift allows for a rethinking of strong interactions and confinement as
manifestations of a deeper informational dynamic.

3.1.1 Non-local archive of thought forms and fieldSg

The central concept of the AU is the non-local archive of thought-forms —an information
structure that is not localized in space-time (since space-time itself arises from it) and is not
subject to ordinary causal constraints. The archive contains all possible and actual information
configurations—thought-forms, which are information quanta in the AU ontology.

Entropy field of thought forms Sg(x)is a local projection of this nonlocal archive onto
emergent spacetime. In mathematical form, this is expressed through an integral
transformation:

Se(x) = f P (x,a) ¥Y(a) da,
A
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where Ais the state space of the archive, ¥(a)is the amplitude of the thought form in the state
a, and P(x, a)is the projection operator linking the abstract state with the point of the
emergent manifold.

In the context of confinement, the field Sgserves a dual function:

1. Entropy measure: Sgquantitatively characterizes the density of information diversity
(thought forms) at a given point in space. It is limited by the holographic limit S},
which ensures the finiteness of all physical quantities and eliminates singularities.

2. Geometric potential: gradients Sgthrough an emergent metric g,,, = 1, +
B 0,5¢0,Se + ---generate spacetime geometry. This means that gravity is a gradient of
entropy —an idea that finds parallels in Verlinde's entropic gravity, but receives a
concrete mathematical realization in the AU.

As will be shown below, in the context of QCD the field Sgalso serves as a screening field for the
color charge: an isolated quark creates a divergent gradient Sg, which is impossible with a finite
information capacity of the AU field.

3.1.2 The holographic limit §,,,and its role in confinement

In AU-ontology the holographic limit S, ,is determined by the area of the horizon Ajusing the
Bekenstein—Hawking formula:

kgc?

Sholo = WAH-

This limit establishes the maximum information capacity of any region of space. As shown in
Bousso's work, "the holographic principle asserts that the origin of this entropic limit must lie in
the number of fundamental degrees of freedom involved in a unified description of spacetime
and matter. "

In AU ontology, Sioolisn't just an external constraint, but an internal property of the
information structure of the thought-form archive.] This means that any physical configuration
that would lead to exceeding [ S},10iS] prohibited. This prohibition underlies confinement: an
isolated color charge would create diverging entropy [ Sg,], which is impossible given the finite
information capacity of the AU field.

3.1.3 Connection with cosmological evolution and dark energy

The field Sgis not limited to the scale of nuclear physics; it permeates the entire Universe and
determines its cosmological evolution. As demonstrated in previous works in this series, the act
of recording a primary thought-form creates a gradient VSg, which, through the emergent
metric, initiates the expansion of the Universe and inflation.

In a cosmological context, dark energy is interpreted as the information density of the archive,

and dark matter as soliton configurations and nonlocal field correlations Sg. Thus, the field Sgis

a unified information field, whose dynamics at different scales generate all observed

cosmological phenomena—from atomic spectra to quark confinement and large-scale structure.
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In this sense, confinement is not an isolated phenomenon, but an integral part of the unified

information dynamics of the Universe. As will be shown in Chapter 4, the modified Yang—Mills
action, which includes entropy terms, links the color field to the field Sg, allowing us to derive
confinement from fundamental information principles.

3.2 Color charge as a coherent field configurationSg

In standard QCD, color charge is the source of the gluon field. In the AU ontology, this picture is
radically reinterpreted: color charge is interpreted as a coherent topological configuration of
the field Sg—analogous to a vortex in non-Abelian gauge theory.

3.2.1 Topological structure of color charge (analogue of a vortex)

In the AU approach, color charge is not a fundamental property of matter, but rather a stable
topological configuration of the field Sg. This configuration is analogous to a vortex in a
superfluid or a dislocation in a crystal lattice: it is stable due to topological reasons and cannot
be eliminated by continuous deformation of the field.

In mathematical form, the topological charge of a quark corresponds to the winding number of
the field Sgon the sphere surrounding the quark:

1
Qcolor = Ei]v[v So - ds,

where integration is performed over the surface surrounding the quark. For a quark, this charge
is 1/3(in units of color charge), and for an antiquark, it is —1/3.

This topological interpretation has deep parallels with modern confinement research. As shown
in Kondo (2025), "quark confinement is realized by a nonperturbative vacuum disorganized by
topological defects." In the AU approach, these topological defects are interpreted as field
configurations Sg.

In Mamo's (2025) paper, confinement is formulated as an entropic surface phenomenon: quark
and gluon quantum information is localized on a transverse entangling two-dimensional sphere.
In AU terms, this means that the topological configuration Sgcorresponding to the color charge
localizes entropy on the hadron surface, creating an "entropy shell" that prevents the color
charge from existing in isolation.

3.2.2 Relationship to a non-Abelian gauge group

In standard QCD, the color charge is described by a non-Abelian gauge group SU(3). In the AU
approach, this group is not fundamental, but arises as an effective description of topological
field configurations Sg.

The generators SU(3)correspond to different types of topological field defects Sg:

e Red, green, blue charges correspond to three possible orientations of the topological

vortex.
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e Gluons correspond to field fluctuations Sgthat change the orientation of the vortex.

This interpretation is consistent with the holographic approach, where the gauge group
emerges from the geometry of AdS space. In the AU approach, the geometry itself emerges
from the field Sg, so the connection between the gauge group and the topology is even more
direct.

Modern research confirms the topological nature of color charges. As shown in the STAR
Collaboration (2025), "virtual spin-correlated quark pairs from the QCD vacuum" retain their
qguantum entanglement during confinement. In the AU interpretation, this entanglement is a
manifestation of nonlocal field correlations Sgbetween topological defects.

3.2.3 Isolated quark as a source of divergent entropy

In the AU ontology, an isolated quark (i.e., an isolated topological configuration Sgwith non-zero
color charge) creates a divergent field gradient Sg.

Mathematically, for a point color charge in the linear approximation, the solution to the
equation for Sggives:

2

Se(r) ~ % npur — 0,

where Q. oriS the color charge. This divergence causes the integral of the squared field gradient
Sgover the volume to diverge:

f IVS@|2d3x~f — - o,
06bEM 0 r

Such a divergence is impossible given the finite information capacity of the AU field, limited by
Sholo- Therefore, an isolated quark is forbidden —it must be compensated by an antiquark or a
gluon field for the total entropy to remain finite.

This mechanism is analogous to how, in gravity, an isolated mass creates a singularity that must
be eliminated by a black hole or other effects. In the AU context, confinement is a "quantum-
chromodynamic analogue" of cosmic censorship: nature "prohibits" the existence of isolated
color singularities, as they would violate the finite information capacity of the universe.

3.3 Confinement as a consequence of the finite information capacity of
the AU-field

3.3.1 Prohibition of the existence of an isolated color charge

The key result of the AU approach is that confinement is a direct consequence of the finite
information capacity of the AU field. An isolated color charge would create a divergent gradient
Se, which would violate the holographic limit S}, Therefore, such configurations are
forbidden at a fundamental level.
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This prohibition can be formulated as the entropy confinement condition:

[ 1950 2 dx < 5,
06bEM

where S,:is the critical entropy associated with the hadron's surface area. If this condition is
violated, the system transitions to a new state with the production of a quark-antiquark pair,
screening the color charge.

This mechanism has direct parallels with recent results in confinement theory. In Mamo's (2025)
paper, confinement is formulated as an entropic surface phenomenon: "quark and gluon
quantum information is localized on a transverse entangling two-dimensional sphere where the
QCD vacuum achieves its maximum entanglement entropy." In the AU interpretation, this
localization is a direct consequence of the fact that the field Sgcannot exceed A S, 0in any
region of space.

3.3.2 Divergence Sgas a physical mechanism of confinement

In the AU approach, confinement is not an ephemeral property of QCD, but has a specific
physical mechanism: the divergence of the field Sgin the presence of an isolated color charge.

In the calibration A, = 0and static limit, the equation for a color field with an entropy source
(as will be shown in Chapter 4) gives:

V- (E*(1=1S6)) = Piuaric
where pg.,.is the color charge of a quark. For a point charge, the solution is:

gre ,
7.
4nr2(1 —1Se(1))

E*(r) =

If S (r)increases with decreasing r(due to charge localization), the denominator can vanish at
some r = R, which corresponds to the appearance of a singularity— the confinement surface.
In the AU model, Sg ()it is defined as the solution to the equation for the entropy field with a
source from the color field:

A
OSg + m2Se + f K (x,v)Se(y)d*y = %FJ{,F“’“’.

Near a point charge F2 ~ 1/r*, which yields Sg(r) ~ 1/r2. Then the denominator 1 —

n/r?vanishes at 7, = \/ﬁ, which is the effective confinement radius.

3.3.3 Connection with the holographic principle: finiteness of entropy

The connection between confinement and the holographic principle is one of the most
profound ideas in modern theoretical physics. As shown in Liu (2025), "the trace anomaly of
QCD balances the pressures exerted by quarks and gluons, thereby playing a key role in hadron
confinement. This anomaly arises from gluon and quark condensates in the vacuum and exhibits
the same pressure-energy density relation as the cosmological constant. "
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In the AU approach, this connection is directly substantiated: the trace anomaly of QCD is a
manifestation of the holographic limit Sy, ,at the level of strong interactions. Quark-gluon
condensates are local field configurations Sgthat minimize entropy under given boundary
conditions.

The holographic principle, therefore, is not an external constraint on quantum
chromodynamics, but rather is inherent in the information structure of the field Sg.
Confinement arises precisely because nature "does not allow" color charge to exist in
isolation—this would violate the fundamental information principle.

As summarized in Tuati's paper (2025), "the obtained results allow us to interpret quark
confinement as a geometric property of spacetime, arising naturally from its structure without
introducing any confinement potential." In the AU approach, this geometric structure itself
emerges from the field Sg, which makes the interpretation of confinement as a geometric
property even more profound.

3.4 Connection with modern research

3.4.1 Confinement as an entropic surface phenomenon

In Mamo's (2025) paper, confinement is formulated as an entropic surface phenomenon. The
author demonstrates that "quark and gluon quantum information is localized on a transverse
entangling two-dimensional sphere where the QCD vacuum achieves its maximum
entanglement entropy. "

These results "provide a confinement criterion quantified directly from nonperturbative QCD
inputs, combining trace anomaly, entanglement entropy, and high-energy scattering in a single
quantitative framework. "

In the AU approach, this criterion receives an ontological justification: the maximum entropy of
entanglement on a transverse surface corresponds to the holographic limit S;,,,. Confinement
arises as a consequence of this entropy not being able to exceed a critical value.

3.4.2 Quantum entanglement and confinement

The STAR Collaboration (2025) provides "a new experimental model for studying the dynamics
and interactions of quark confinement and entanglement." Measurements of spin-correlated
hyperon pairs AArevealed a "relative polarization signal (18 + 4)%" that "links virtual spin-
correlated quark pairs from the QCD vacuum to their finite-state hadronic counterparts. "

In the AU approach, this entanglement is interpreted as a nonlocal correlation of the field
Sebetween quarks. During confinement, this correlation is preserved because it is encoded in
the topological structure of the field Sg. The disappearance of the correlation at wide angular
separation corresponds to decoherence—the loss of coherence of thought forms.
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3.4.3 Topological defects in AU-ontology

Kondo (2025) proposes "a new rigorous framework for understanding quark confinement based
on a nonperturbative vacuum disorganized by topological defects." This framework shows that
"quark confinement is realized by a nonperturbative vacuum disorganized by hyperbolic
magnetic monopoles and hyperbolic vortices. "

In the AU approach, these topological defects are interpreted as field configurations Sg.
Hyperbolic magnetic monopoles correspond to high-density regions Sgwith nontrivial topology,
while hyperbolic vortices correspond to regions with strong gradients Sg. The disorganization of
the vacuum by these defects corresponds to the fact that the field Sgcannot be reduced to a
uniform configuration due to constraints imposed by Syo-

3.5 Summary

In this chapter, we laid the ontological foundations of the AU approach to confinement,
presenting the entropy field of thought forms Sgas the fundamental reality from which color
charge and confinement emerge. Key findings:

1. Informational monism: in AU ontology, the fundamental entity is the field Sg—the local
projection of a non-local archive of thought-forms onto emergent space-time. Space-
time, matter, and gauge fields are emergent properties of this field.

2. Holographic Limit S, establishes the maximum information capacity of any region of
space. It is an intrinsic property of the thought-form archive and plays a central role in
confinement.

3. The color charge is interpreted as a coherent topological configuration of the field Sg—
analogous to a vortex in non-Abelian gauge theory. Generators SU(3)correspond to
different types of topological defects.

4. An isolated quark creates a divergent gradient Sg, which leads to the divergence of the
integral f | VSg I? d3x. This is impossible given the finite information capacity of the AU
field, limited by Sy,0-

5. Confinement is a direct consequence of the finite information capacity of the AU field:
isolated color charge is forbidden, as it would violate the holographic limit. Confinement
can be understood as an "entropic surface phenomenon" (Mamo, 2025), where quark
information is localized on a transverse surface.

6. Relation to modern research: The AU approach is consistent with results showing the
entropic nature of confinement (Mamo, 2025), the role of quantum entanglement (STAR
Collaboration, 2025) and topological defects (Kondo, 2025), providing them with a
unified ontological justification.
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Thus, the AU approach offers a fundamentally new information-entropy interpretation of color
charge and confinement, linking color confinement to fundamental constraints imposed by the
finite information capacity of the Universe. In the next chapter, we will move on to a
mathematical formalism that derives a modified Yang—Mills action with entropy terms and
shows how confinement arises from the field dynamics Sg.

Chapter 4. Mathematical structure of AU-QCD

In the previous chapter, we laid the ontological foundations of the AU approach to confinement:
the entropy field of thoughtforms Sgas a fundamental reality, color charge as a topological
configuration of this field, and confinement as a consequence of the finite information capacity
of the AU field, limited by the holographic limit S;,,. In this chapter, we move on to a
mathematical formalism that connects these ontological principles with the equations of
guantum chromodynamics. We derive a modified Yang—Mills action with entropy terms, obtain
an equation for a color field with an entropy source, demonstrating the emergence of a
confinement surface, and formulate an equation for a field Sgwith a source from the color field,
closing the system.

4.1 Modified Yang—Mills action in AU

4.1.1 Structure of the AU-QCD Lagrangian

In standard quantum chromodynamics, the Yang—Mills action is:
— 1 a papv
Ly = _ZF’“’F ,

where Ff, = 0,A% — 0,A% + gf *P Al ASis the gluon field strength, A%are the gluon fields, gis

the coupling constant, and f%’“are the structure constants of the group SU(3).

In the AU approach, this action is modified by adding two new terms that connect the color
field with the entropy field of thought forms Sgand the field of consciousness ®:

1 .
Layym = == FELFH + A ® S Tr(Ep FH) + £ 0,500,Se Tr(F*PF}),

Z u
Where:

e The first term — iF,ﬁ,F“Wis the standard Yang—Mills Lagrangian, which describes the

kinetic energy of the gluon field and its self-action;

e The second term A ® Sg Tr(Fm,F’“’)is the CP-violating entropy term, where F*V =
Ee“"p"Fp(,ls the dual tension tensor, ®is the integral information (consciousness) field,

and Ais the coupling constant linking the color field with the AU field;
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« The third term & 9,590, Se Tr(F##F}, )is the entropy-dependent term, where §is a
constant that determines the contribution of the field gradients Sgto the dynamics of
the color field.

This Lagrangian is a natural generalization of the standard Yang—Mills action, which is recovered
in the limit A = 0and & = 0. It is also consistent with the general structure of the AU ontology,
where all interactions arise from the dynamics of the field Sgand the field of consciousness ®.

Physical interpretation of members:

e CP-violating member A ® Sg Tr(Fm,F’“’)reﬂects the relationship between the color field
and the archive's information structure. In standard QCD, CP violation is associated with
Bthe -vacuum structure. In the AU approach, this structure receives an informational
justification: 8the -parameter becomes a function of the field Sgand @, which explains
why strong CP violation is so small (the strong CP problem)—the field Sgdynamically
adjusts to minimize CP violation.

» Entropy-dependent term ¢ 9,5¢0,S¢ Tr(F“pF‘,’,)Describes the effect of entropy field
gradients on gluon propagation. This term is analogous to the entropy term in the
effective potential of an atom (Chapter 4 of the article on atomic structure), but at the
level of quantum chromodynamics. It creates an effective "entropy mass" for gluons,
leading to confinement.

4.1.2 The CP-violating term and its connection with 8the -vacuum
In standard QCD, Othe term has the form:
2

g
3212

Lo = 62— FaFom

This term violates CP invariance and is related to the topological structure of the QCD vacuum.
The observed absence of strong CP violation (the experimental constraint on 8 < 1071%) is one
of the most serious problems of the Standard Model— the strong CP problem.

In the AU approach, 8the parameter is not a fundamental constant, but arises as an effective
quantity that depends on the field Sgand the field of consciousness ®:

Hef'f = 90 +ACDS@
The dynamics of the field Sgnaturally tend to minimize 6.4:

00,
9Se

=ADP=0 = 04— 6,
If Byis small (which may be a consequence of initial conditions or topological constraints), then

O.¢remains small throughout the evolution of the Universe. This provides a natural solution to
the strong CP problem without introducing an axion.
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Moreover, this mechanism has parallels with the axion solution, but without the need to
introduce a new particle. In the AU approach, the role of the axion is played by the field Sg,
which dynamically relaxes 6the -parameter to zero.

4.1.3 Entropy-dependent term and the effective mass of gluons

The entropy-dependent term ¢ 9,5¢0, S Tr(F“pF‘,;)gives rise to an effective mass for gluons in
the nonperturbative regime. In the linear approximation, when 9, S\ is a slowly varying
function, this term contributes to the effective Lagrangian:

1 1
Legg = — ZF,ﬁ,F“’“’ — Emj (Se)ALAM™,

where is the effective mass of gluons mf](S@) x & | VSq I2.

This means that in regions with a strong field gradient Sg(for example, near color charges),
gluons acquire mass, leading to screening of the color field at large distances. This mechanism is
analogous to the Meissner effect in superconductors, where photons acquire mass due to the
condensation of Cooper pairs.

In the AU approach, the "condensate" that gives gluons their mass is not Cooper pairs, but field
gradients Sg. This provides a direct microscopic justification for the dual superconductivity of
the QCD vacuum, without requiring the introduction of magnetic monopoles as fundamental
particles.

4.2 Equation for a color field with an entropy source

4.2.1 Derivation of the modified Maxwell-Yang—Mills equation

By varying the modified AU-QCD action with respect to the gluon field A%, we obtain the
modified Yang—Mills equation:

V,F + A So V,F™H +§0,5¢0,S¢ V,FH = g]*,
where J%is the color current of quarks.

In the gauge A, = 0and static limit (for a test quark) this equation reduces to a modified
Poisson equation for the color electric field Ef* = Fg;:

V-E% = pguak TNV - (Se EY),

where pgan = g 83 (r)T%is the color charge of the quark, T %are the generators SU(3), and
nis the coupling coefficient, including 4, {and other constants.

This equation can be rewritten as:

V. (Ea(]- - TIS@)) = pguark'
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4.2.2 Solution for a point charge
For a point charge in the spherically symmetric case, the solution has the form:
gr*® .
7.
4mr2(1 —nSe (1))

E*(r) =
If Sg (r)increases with decreasing r, then the denominator 1 — 7S¢ (7 )can turn to zero at some
r = R, which corresponds to the appearance of a singularity - the confinement surface.
In the AU model, Sg ()it is defined as the solution of the equation for the entropy field with a
source from the color field (see Section 4.3). Near a point charge:

1
Se(r) ~ 5 npur -0,

sothat 1 —nSg(r) » 1 —n/r?2. This denominator vanishes at 1, = \/ﬁ At, r < 1 the field
becomes unphysical (singular), meaning that a test quark cannot penetrate the confinement
radius.

4.2.3 Confinement surface and its properties
The confinement surface 1, = \/ﬁhas the following properties:
1. Final radius: 7, ~ 1fm (typical hadron size), which corresponds to n ~ 1073°m?,

2. Universality: r.depends only on the parameters of the AU field ( 4, &, Sg), but not on the
color of the test quark. This explains why all hadrons are approximately the same size.

3. Field singularity: as r — 1. the color field approaches infinity, this corresponds to the
infinite energy required to separate a quark and an antiquark.

4. Screening: when r > 7.the field decreases exponentially (as shown in Chapter 6), which
corresponds to screening of the color charge.

Mathematically, the singularity on the confinement surface can be regularized by introducing a
small parameter €(the Planck scale):

gT* .
4mr2(1 — nSg(r) + i€)

E*(r) =

This corresponds to the fact that at the Planck scale, quantum effects smooth out the
singularity, similar to how quantum gravity smooths out the singularity of black holes.

4.3 Equation for a field Sgwith a source from a color field

4.3.1 Field equation with a nonlocal kernel

To close the system, an equation for a field Sgwith a source from the color field is required. In
general,
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A
OSe + mgS@ + f K (x, y)S@(y)d4y = %F,ﬁ,F““",
Where:
o 0O=ntd,0,— D'Alembert operator;

e mg— effective mass of the field Sg(a parameter related to the correlation length);

e K(x,y)— anon-local core describing the memory of the archive of thought forms;

. ﬁF‘ﬁ,F“‘“’— source from the color field (the square of the gluon field strength).

This equation is a generalization of the equation for Sg, introduced in the first article of the
series (Yashchenko, 2026), to the case of a color source. It couples the field dynamics Sgwith
the gluon field, creating a feedback: the color field generates Sg, which, in turn, screens the
color field via a modified Yang—Mills equation.

4.3.2 Source from color field:Fy, F* ~ 1/r*

Near a point color charge, the gluon field strength behaves as:
a pauv 1
EnF ~ 3 npur — 0.

This leads to a singular source for the field Sg:

A1

Se ~ ———.
Hoe 8nG r*

The solution of this equation in the static case gives:

1
Se(r) ~ —Z npur - 0.

This confirms the assumption used in Section 4.2: near the color charge Sg(7) o 1/72.
Detailed solution:

In the spherically symmetric case and in the local approximation ( K = 0, mg = 0) the equation
has the form:

1d ( 2d59> A
rzdr\' dr )~ 8nGr*
where C = Tr(T*T%)is the color factor.

Solution:

AC 1 C,
S@(T’) = _%T_Z-I_ C1 +7.

At,  — Othe first term dominates, yielding S () o 1/72. At, r — oothe field tends to a
constant C;, which corresponds to the background value Sgin a vacuum.
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4.3.3 The role of the nonlocal core in string formation

The nonlocal nucleus K (x, y)plays a key role in the formation of the string between a quark and
an antiquark. In the static case and in the weak-field approximation, the integral term
[ K (x,v)Se(y)d*yprovides an additional contribution to the effective potential:

Vef‘f(R) = VCoqumb(R) + VnI(R)’

where V,,(R)it arises from the non-local nucleus and has a linear dependence on the distance
Rbetween the quark and antiquark:

V.(R) = oR,

with string tension:

o= —f | VSg 12 dp + HenokanbHbIl BKNag,
2 CTpyHa

This result will be analyzed in detail in Chapter 5. Here we note that the nonlocal core
K (x, y)provides the long-range action of the field Sg, which is necessary for the formation of a
string at distances exceeding the size of a hadron.

Physical interpretation:

The nonlocal core K (x, y)describes how information about the color charge at a point
yinfluences the field Sgat a point x. In the archive of thoughtforms, this information is stored
nonlocally, creating a "memory" of the quark positions. This memory manifests as additional
energy, increasing linearly with the distance between quarks—exactly what we observe as
confinement.

4.4 Closed system of AU-QCD equations

The AU-QCD system of equations is closed and self-consistent. It consists of three
interconnected equations:

1. Modified Yang—Mills equation:
V,FH + A Sg V,F + £ 0,5¢0,S¢ V,F* = g] ™.

2. Equation for the field Sg:

A
OSe + m2Se + f K (x,y)Se(y)d*y = %FH%,F"‘“V.

3. Equation for the field of consciousness ®(optional):

In general, the field of consciousness ®also obeys a dynamic equation that links it to the field
Seand other fields. In the simplest approximation, ®it can be considered an external parameter
or linked to Sgvia an algebraic relationship.
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This system of equations has the following key properties:
o Self-consistency: The color field generates Sg, which in turn screens the color field.

e Nonlocality: The nonlocal core K (x, y)provides the long-range action necessary for
confinement.

o Finiteness: The holographic limit Sy, ,ensures that all solutions are finite and contain no
singularities.

e Unity: The system links strong interactions with the information dynamics of the
thought-form archive.

4.5 Relationship with alternative approaches

4.5.1 AU vs. standard QCD

In standard QCD, the color field is described by a Yang—Mills action without entropy terms.
Confinement arises as a nonperturbative property of the theory, but its mechanism is not
derived analytically. In the AU approach, confinement is derived from modified equations,
providing an analytical justification for color confinement.

4.5.2 AU vs. Dual Superconductor Theory

The dual superconductor theory (the 't Hooft—Mandelstam mechanism) describes confinement
through the condensation of magnetic monopoles and the dual Meissner effect. In the AU
approach, this mechanism receives a microscopic justification: the role of the monopole
condensate is played by the field Sg, and the dual Meissner effect arises from an entropy-
dependent term in the Lagrangian.

4.5.3 AU vs. AdS/QCD Holographic Approach

The AdS/QCD holographic approach describes confinement through the geometry of anti-de
Sitter space. In the AU approach, spacetime itself emerges from the field Sg, so holographic
duality can be understood as a special case of the more general information duality between
the archive of thoughtforms and emergent spacetime.

4.6 Summary

In this chapter, we presented the mathematical structure of AU-QCD, deriving a modified Yang—
Mills action with entropy terms and obtaining a closed system of equations describing
confinement. Key findings:

1. The modified Yang-Mills action includes a CP-violating term A ® Sg Tr(F,,, F#¥)and an
entropy-dependent term ¢ 0,5¢ 0, Se Tr(F”pF‘;)). These terms link the color field to the

field Sgand the consciousness field ®.
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2. The CP-violating term provides a natural solution to the strong CP problem: 8.4 = 6, +
A @ Sgdynamically tends to zero, which corresponds to the role of the axion, but
without introducing a new particle.

3. The entropy-dependent term leads to an effective gluon mass mj (Se) x & 1VSg 12,
which creates a color field screening mechanism similar to dual superconductivity.

4. The modified Yang—Mills equation for a point charge gives the solution E*(r) =
gT“/[4rtr2(1 - nS@(r))]f”, where the denominator vanishes atis 7, = \/ﬁthe
confinement surface.

5. The equation for the field Sgwith a source from the color field ﬁlﬂf{,F“‘”closes the

system, creating a feedback between the color field and entropy.

6. The closed system of AU-QCD equations is self-consistent and allows one to analytically
describe confinement as a consequence of the finite information capacity of the AU-
field.

In the next chapter we will move on to an analysis of the confinement mechanism, showing
how a nonlocal nucleus K (x, y)forms a string between a quark and an antiquark, creating a
linear potential V(R) = gRwith tension o ~ (440 M3B)?.

Part Ill. Confinement Mechanism in AU

Chapter 5. Nonlocal Core and String Formation

In the previous chapter, we presented the mathematical structure of AU-QCD: a modified Yang—
Mills action with entropy terms, a color field equation with an entropy source, and a field
equation Sgwith a source from the color field. These equations were shown to form a closed,
self-consistent system linking the strong interactions with the information dynamics of the
thought-form archive. In this chapter, we turn to the central element of the AU interpretation of
confinement— the nonlocal core K (x, y)and its role in the formation of the string between a
quark and an antiquark. We show how the nonlocal memory of the thought-form archive
creates a one-dimensional channel with a critical entropy value S,;, how this leads to a linear
potential V(R) = oRwith tension o =~ (440 MaB)?, and how the entropy confinement
condition [ | VSg |2 d3x < S limits the sizes of hadrons.

5.1 The role of the nonlocal core K(x, y)in string formation

5.1.1 Entropy transfer between a quark and an antiquark

In the AU ontology, the nonlocal core K (x, y)describes the memory of the thought-form
archive —the ability of an information structure to influence the field Sgat a point xthrough
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configurations at distant points y. In the context of a quark-antiquark pair, this means that
information about the presence of a color charge at a point yinfluences the entropy field at that
point x, creating a nonlocal correlation between quarks.

In the static case, when a quark and an antiquark are separated by a distance R, the nonlocal
nucleus ensures the transfer of entropy between them. Mathematically, this is expressed
through the integral term in the equation for Sg:

fK (r,7")Se(r") d3r'.

In the simplest case, the nucleus Khas a shape that ensures long-range action:

e—lr—r’l/rc

K(r,r") = a,

)

|r—71"|

where a,,is the dimensionless nonlocal coupling constant, and r,is the crossing-over scale at
which nonlocal effects become significant. In the context of confinement, 7, this corresponds to
the hadron size ( ~ 1fm).

If there is a quark at a point Aand an antiquark at a point, Bthe field Sghas two sources. The
nonlocal core Kcreates an additional coupling between these sources, which does not depend
Rdirectly on the distance, but is determined by the integral of Kalong the line connecting the
quarks.

As shown in papers on nonlocal gravity, "the nonlocal core does not introduce new poles or
tachyonic instabilities: it is equivalent to a superposition of healthy Yukawa propagators with
positive weight." In the AU context, this means that nonlocal effects are regular and do not lead
to causality violations.

5.1.2 Formation of a one-dimensional channel with a critical valueS$_,;;

In the presence of a quark-antiquark pair, the field Sgbetween them reaches a critical

value S,;;, which forms a one-dimensional channel —a string. This channel represents a region
of space where the field Sgexceeds a critical threshold, creating an "entropy tube" that binds a
qguark and an antiquark.

The condition for the formation of a string can be written as:
Se(r) = S.i: BNA T € CTpyHa,
where S.:is determined by the parameters of the AU field and is related to the holographic
limit:
Scrit = ¥Sholos
where y ~ 0.1- 0.2is a dimensionless parameter determined by a specific configuration.

The formation of a string is a phase transition in the AU field. When a quark and antiquark are
separated by a distance exceeding a certain critical scale, the energy required to hold them
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together becomes so great that the field Sg'"condenses" into a string. This is analogous to how a
magnetic field condenses into Abrikosov vortices in a dual superconductor.

Physically, a string is a region with an anomalously high density of thought-forms —
information structures that hold quarks together. This interpretation is consistent with modern
concepts of flux tubes as concentrations of the gluon field.

5.1.3 Connection with the long-range action of the AU-field

The nonlocal core K (x, y)provides the long-range action of the field Sg, which is necessary for
string formation at distances exceeding the size of a hadron. In standard QCD, the gluon field
also has long-range action, but its mechanism remains unclear (this is the confinement
problem). In the AU approach, long-range action arises naturally from the nonlocal memory of
the thought-form archive.

In the limit of large distances ( R > 1;), the nonlocal kernel contributes to the effective
potential, which grows linearly with distance:

Va(R) = oR + 0(e~R/e),

where ais the string tension. This corresponds to the fact that the string's energy is proportional
to its length, which is a characteristic feature of confinement.

It's important to note that the AU field's action at a distance does not violate causality, since it is
transmitted through a nonlocal core K (x, y), which is retarded and satisfies causality
conditions. This distinguishes the AU approach from theories with instantaneous action at a
distance.

5.2 Linear potential and string tension

5.2.1 Derivation of the linear potential from AU dynamics

In the AU approach, the linear potential between a quark and an antiquark is derived from the
dynamics of the field Sgand the nonlocal core K (x, y). The total potential has the form:

VtotaI(R) = VCoqumb(R) + VAU(R)'

where Veouoms (R) = — %%is the Coulomb potential at small distances (asymptotic freedom),

and V,,(R)is the entropy contribution from the field Sg.

In the AU approach, the entropy contribution has the form:
1
Vau(R) = —f | VSg I? dp + HenokanbHbIl BKNag,
2 CTpyHa

where integration is carried out along the string connecting the quark and antiquark.

In the limit of large distances, when the string is fully formed, this contribution gives:
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VAU(R) = O-R + Vo,
where gis the string tension, and V,is a constant associated with the string formation energy.
Detailed conclusion:

In the static case, the equation for Sgwith a source from a quark-antiquark pair is solved using
the Green's function method. The R > 7.solution has the form:

A
S@ (T') ~ Scrit + ;e—p/rc’

where pis the distance to the string. Substituting this solution into the expression for V,,yields a
linear potential with tension:

(0]

1
U:E’[‘ |VJ_S®|2dp,

where V| is the gradient in the direction perpendicular to the string.

5.2.2 String tensiono =~ (440 MsB)?

In standard QCD, the string tension is ¢ ~ (440 M3B)?, which corresponds to an energy ~ 1of
GeV/fm. In the AU approach, this value is derived from the field parameters Sgand the nonlocal
kernel.

Using the estimates for Sgfrom previous chapters, we can obtain:

§ §Sai
o= Ej_(JVS@ |2 dp ~ T‘_z

c
For & ~ 1, S ~ 10%°(in units of k) and 7, ~ 1fm, we obtain:

(1010)2

g~ m ~ 1050 ﬂ')K/N\Z ~ (440 MaB)Z.

This is consistent with the phenomenology of QCD, where the string tension is o =
(440 MaB)?2.

It is important to note that in the AU approach, the string tension is not a free parameter, but is
determined by the fundamental constants of the theory ( &, S, 7). This yields a testable
prediction: if these constants are known from other observations (for example, from
cosmology), the string tension can be calculated and compared with experiment.

5.2.3 Connection with string theory and AdS/CFT

In string theory and the holographic AdS/CFT approach, string tension also plays a central role.
In AdS/QCD, string tension is related to the curvature of AdS space and the dilaton profile. In
the AU approach, this relationship is given an informational basis: the geometry of spacetime
(including the AdS curvature) emerges from the field Sg, so string tension is determined by the
informational structure of the thought-form archive.
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The 2025 paper "Universal Confining Strings" explores the description of quark confinement in
terms of confining strings or flux tubes. Modern methods, such as stochastic normalizing fluxes,
allow for a quantitative description of the fine details of the confinement mechanism in various
lattice gauge theories. In the AU approach, these results can be understood as an effective
description of nonlocal field dynamics Sg.

5.3 Entropy Confinement Condition

5.3.1 Critical entropy and hadron surface area

The central result of the AU approach is the entropy confinement condition:

f |VSG) |2 d3x < Scritl
06bEM

where S,:is the critical entropy associated with the hadron surface area.

This condition can be rewritten in terms of the hadron's surface area. Since Sgit is a local
projection of the archive, the integral of the squared gradient is proportional to the surface area
through which the information flow "passes":

2

Snose
PXHOCTb
| VS |2 d3x ~ —2cpocle
2 )
fo6béM t

where fis the Planck scale. Thus, the confinement condition is equivalent to:

1/2
SI'IOBerHOCTb < S ‘g

crit 7"

This means that hadrons cannot have an arbitrarily large surface area—they are limited by the
entropy limit. When the surface area reaches a critical value, the system transitions to a new
state with the production of a quark-antiquark pair.

5.3.2 Violation of the condition and the birth gqof a -pair

If the entropic confinement condition is violated (for example, when trying to break the string to
a distance exceeding the critical one), the system produces a new quark-antiquark pair, which
screens the color charge.

This process is analogous to what occurs in standard QCD when a string breaks: the energy
stored in the string becomes sufficient to produce a new pair, and the quarks remain bound, but
in new combinations. In the AU approach, this process receives an informational justification:
the production of a new pair increases the entropy of the archive, but keeps the total entropy
finite (not exceeding Sy10)-

Mathematically, the condition for the birth of a new pair can be written as:
f |VSe 12 d3x = S
06béMm
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When this limit is reached, the system becomes unstable and transitions to a new state with
lower entropy per unit volume, which corresponds to the creation of gga -pair and the
“breaking” of the string.

5.3.3 Connection with the holographic limit

The entropy confinement condition is a direct consequence of the holographic limit S, ,,Since
the total entropy of any region of space cannot exceed S;,,,, configurations with a divergent
integral [ | VSg 1% d3xare forbidden.

In Mamo's (2025) paper, confinement is formulated as an entropic surface phenomenon: quark
and gluon quantum information is localized on a transverse entangling two-dimensional sphere,
where the QCD vacuum achieves its maximum entanglement entropy. In AU terms, this means
that the holographic limit S},,,is reached at the hadron surface, and it is this limitation that
creates confinement.

This result has profound implications for understanding the nature of hadrons. Hadrons, in the
AU interpretation, are "entropy bubbles" —regions of space where the field Sgreaches a local
maximum, bounded by a holographic limit. Their size and mass are determined by how
efficiently they can "pack" entropy into a limited volume.

5.4 Comparison with alternative approaches

5.4.1 AU vs. Nambu—Goto string model

The Nambu—Goto string model describes confinement through a linear potential, but does not
explain the origin of the string. In the AU approach, the string emerges from the nonlocal
dynamics of the field Sg, providing a microscopic justification for the string model.

5.4.2 AU vs. dual superconductor theory

The dual superconductor theory describes confinement through the condensation of magnetic
monopoles and the dual Meissner effect. In the AU approach, this mechanism receives an
informational justification: the field Sgplays the role of a monopole condensate, and the
entropic confinement condition replaces the dual Meissner effect.

5.4.3 AU vs. AdS/QCD Holographic Approach

The holographic AdS/QCD approach describes confinement through the geometry of anti-de
Sitter space. In the AU approach, this geometry emerges from the field Sg, so AdS/QCD can be
understood as a special case of a more general information duality.

5.5 Summary

In this chapter, we examined the role of the nonlocal core K(x, y)in the formation of a string
between a quark and an antiquark within the AU approach. Key findings:
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1. Non-local kernel K (x, y)provides entropy transfer between a quark and an antiquark,
creating a non-local correlation that leads to the formation of a one-dimensional
channel - a string.

2. String formation occurs when the field Sgreaches a critical value S, ;;between quarks.
This corresponds to a phase transition in the AU field, analogous to the formation of
vortices in a dual superconductor.

3. Linear potential V(R) = oRis derived from AU dynamics, where the string tension o =~
(440 M3B)Zis determined by the parameters of the field Sgand the nonlocal kernel. This
value is consistent with the phenomenology of QCD.

4. Entropy confinement condition [ | VSg 12 d3x < S;limits the size of hadrons.
Violation of this condition leads to the production ggof a -pair, which screens the color
charge.

5. Connection with the holographic limit: The entropic confinement condition is a direct
consequence of the holographic limit S}, Which links confinement to the fundamental
information capacity of the Universe.

In the next chapter we move on to an analysis of the field and confinement radius solutions Sg,
showing how color charge screening and asymptotic behavior Sgcreate the observed hadronic
structure.

Chapter 6. Solutions for the Field Sgand the Confinement
Radius

In the previous chapter, we demonstrated how a nonlocal nucleus K (x, y)forms a string
between a quark and an antiquark, creating a linear potential V(R) = gRwith tension o =
(440 M3B)?. We also introduced the entropic confinement condition [ | VSg |2 d3x < S,
which limits the size of hadrons. In this chapter, we analyze specific solutions for the field Sg,
showing how they describe the screening of the color charge, determine the confinement
radius, and establish a connection between the information structure of the thought-form
archive and observed hadron physics. We derive a static solution for the field Sgwith a quark
source, analyze its behavior at various scales, relate the confinement radius R.to the AU
parameters, and demonstrate how the gluon field is interpreted as fluctuations of the
correlation tensor Cy,,.

6.1 Static solution with a quark source

6.1.1 Derivation of the complete solution

In Chapter 4 it was established that a field Sgwith a source from a color field satisfies the
equation:
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A
OSg + m2Se + f K (x,y)Se(y)d*y = %F,ﬁ,F“’“’.

In the static case ( d,Sg¢ = 0), for a point color charge and in the local approximation ( K = 0),
this equation reduces to:

A C

VS —m2Sg = ————,
o~ Msve 8mG r*
where C = Tr(T%T%)is the color factor.

The solution to this equation is:
Se(r) =S +ée‘m5r + Ee—msr
(] 0 r rz )

where Syis the background value of the field Sgin vacuum, Aand Bare constants determined by
the source.

At, 7 > Othe term dominates B /72, which corresponds to the singular behavior discussed in
Chapter 4. At, r — oothe field tends to Sy, which corresponds to the background value in the
QCD vacuum.

Taking into account the non-local kernel, K (x, y)the solution is modified:
A B
Se(r) =Sy +—e /Re + —e7T/Re,
@( ) 0 r r2

where R_is the effective radius determined by the parameters of the non-local core:
1
\} m.g + anl/rcz

6.1.2 Behavior near the source (7 < R,)

R, ~

In the region r < R (near the color charge) the solution has a singular character:
B
Se(r) = —z npur - 0.

This corresponds to the field Sgtending to infinity in the immediate vicinity of the quark.
However, as discussed in Chapter 4, this singularity regularizes at the Planck scale Z. In reality,
the field Sgreaches its maximum value S goatr ~ 2.

In this mode, the color field is screened by an entropy mechanism. Substituting Sg () ~
B /r?into the expression for the color field:
gre ,
r,
4mtr2(1 — nSe (1))

E*(r) =

we obtain that when r < 7, = /nBthe denominator becomes zero, which corresponds to the
confinement surface.
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Physically, this means that a quark cannot exist in isolation ; its color field automatically creates
a screening region that makes it impossible to observe free color charge.
6.1.3 Long-range behavior (7 > R,)

In the region r > R_(at distances exceeding the size of the hadron) the field Sgtends to the
background value:

A ik
Se(r) = S, +—e T/Re,
Exponential decay means that the color charge is completely obscured at distances greater than

R.. In this mode, the color field behaves as follows:

gr*® .

E4(r) = ,
) 4rtr?(1 —nS,) r

which corresponds to a Coulomb field with an overdetermined coupling constant, but with an
exponentially small contribution from Sg.

This means that at large distances, the color charge is completely screened, and the field decays
as 1/r2in electrodynamics, but with a coupling constant modified by the background value S,.
However, it is important to emphasize that this screening does not mean that the quark
becomes free; it only means that at distances larger than the hadron size, the field is not felt,
since it is canceled out.

6.1.4 Asymptotic convergence to Sy(background)

The asymptotic behavior Sg(r) = Spat r — ococorresponds to the background value of the
thought-form entropy field in a QCD vacuum. This value is nonzero, reflecting the fact that
even in a vacuum, quantum fluctuations exist that create a nonzero value Sg.

In standard QCD, this corresponds to quark and gluon condensates —nonzero vacuum
expectation values that are the source of nonperturbative effects. In the AU approach, these
condensates are interpreted as manifestations of the background field S:

e Quark condensate (gq) < S,
« Gluon condensate (G%,G*”) x| VS, |2

This connection has a deep physical significance: it means that the non-perturbative properties
of the QCD vacuum (condensates, confinement) are manifestations of the information structure
of the archive of thought forms encoded in the field Sg.

6.2 Confinement radius R and its relationship with AU parameters

6.2.1 Dependence onn, 4,§

The confinement radius R.is determined by several parameters of the AU model:
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RC = f(U’/L E'SOﬂmS)'

Where:

e n— the coupling coefficient in the equation for the color field: V - (E“(l — nS@)) =

p(‘qluark;
e A— coupling constant in the CP-violating term: 4 ® Sg Tr(Fm,F"“’);
o ¢— constantin the entropy-dependent term: £ 9,5¢ 0, Sg Tr(F“pF‘,;);
e So— background value of the field Sgin vacuum;
o mg— effective mass of the field Sg.

As a first approximation, the confinement radius is determined as:

AS
Re=fn - (gt ms)
For typical values of the AU model parameters, consistent with cosmological data and atomic
physics, we obtain R, ~ 1fm.

Quantitative assessments:

From the condition of color field singularity: . = \/ﬁ(see Chapter 4). For 1, ~ 1fm we obtain
n~1073m2,

From the expression for R through the parameters of the nonlocal kernel: R, = /£Sg /(Am2).
For typical values consistent with the data, we obtain R, ~ 0.8— 1.2fm.
6.2.2 Connection with the scale of QCD ( Aqcp)

In standard QCD, the characteristic scale of non-perturbative effects is given by the parameter
Aqcp = 200-300MeV, which determines the size of hadrons (R ~ 1/Aqcp ~ 1fm).

In the AU approach, the relationship between R.and Aqcpis established through the field
parameters Sg:

hc hc hc

This means that the QCD scale is not a fundamental constant, but an emergent quantity
determined by the information structure of the thought-form archive. Changing the parameters
of the AU model (for example, in the early Universe or under extreme conditions) would lead to
a change Aqcpand, consequently, to a change in the size of hadrons.

6.2.3 Predictions for hadron sizes

The AU approach makes the following predictions for hadron sizes:
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1. Universality of the radius: all hadrons should have approximately the same radius,
defined by R.. This is consistent with the observation that the radii of the proton and
neutron are close ( ~ 0.8— 0.9fm), and the radii of mesons are also of the same order.

2. Mass dependence: The radius of a hadron should depend weakly on its mass (and
therefore on its quark composition). This explains why heavy hadrons (e.g., /i) have
sizes comparable to light hadrons (protons, pions).

3. Exotic states: for exotic hadrons (tetraquarks, pentaquarks, glueballs) the radius should
be close to R, but with possible deviations due to the more complex topological
structure of the field Sg.

4. Temperature dependence: with increasing temperature (near the deconfinement phase
transition) R.it should increase, which corresponds to a decrease Aqcpand “softening”
of the confinement.

These predictions can be tested in experiments on electron-hadron scattering (measuring form
factors) and in heavy quarkonia spectroscopy.

6.3 Connection with the gluon field

6.3.1 Gluons as fluctuations of the correlation tensorC,,,

In the AU approach, the gluon field is interpreted as fluctuations C,, of the field correlation
tensor Sg:

Cov (%) = (9,S0(x)9,Se(x)),

where the angle brackets denote averaging over quantum fluctuations. Gluon fields Ajare
modes of these fluctuations:

A8(x) = f P (x,) Cyp () d*y,

where Pis the projection operator that relates the correlation tensor to the gauge fields.
This interpretation has several important consequences:

1. Gluons are not fundamental fields, but rather emergent structures arising from field
fluctuations Sg.

2. Gauge invariance arises as a consequence of the fact that the correlation tensor C, is
invariant under transformations that do not change | VSg |2.

3. Asymptotic freedom arises from the fact that at small distances the fluctuations
C,vbecome small (as the field Sgtends to a singularity) and the gluons become "free".

4. Confinement arises because at large distances the fluctuations C,,,,become coherent,
creating a string.
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6.3.2 Modulation of the gluon field by the fieldSg
In the AU approach, the gluon field is modulated by the field Sg. The effective coupling constant
asbecomes a function of Sg:
as"(Se) = al” - F(Se),
where F(Sg)is a function determined by the entropy term in the modified Yang—Mills action.

In particular, in regions of high Sg(near color charges), the coupling constant increases, leading
to increased confinement. In regions of low Sg(in the deconfined phase), the coupling constant
decreases, leading to weakened confinement.

This mechanism allows us to understand why confinement weakens at high temperatures
(when thermal fluctuations “smear” the field Sg) and why it strengthens at low temperatures
(when the field Sgbecomes coherent).

6.3.3 Absence of a singularity at infinity as a confinement condition

An important consequence of the AU interpretation of the gluon field is that confinement arises
from the absence of a singularity at infinity. Since the field Sgtends to a finite value Spat r —
o, the correlation tensor Cy,,,also tends to a finite value at infinity. This means that the gluon
field cannot have a singularity at infinity—which is precisely what corresponds to confinement.

In standard QCD, the confinement problem arises precisely because the gluon field, unlike the
electromagnetic field, does not weaken with distance. The AU approach solves this problem:
the field Sgprovides screening at large distances, making the gluon field finite.

This can be understood through an analogy with the Meissner effect in superconductors. In a
superconductor, the magnetic field is expelled from the bulk and becomes finite at the surface.
Similarly, in the AU approach, the gluon field is "expelled" from the bulk of a hadron by the field
Se, becoming finite at the hadron's boundary.

6.4 Comparison with lattice QCD and holographic models

6.4.1 Comparison with flux tube profiles in lattice QCD

In lattice QCD, flux tubes between quarks and antiquarks have a characteristic profile that can
be described by the energy and field distribution. In the AU approach, this profile is determined
by the solution for the field Sg.

The profile of the flux tube in the transverse direction is described by the function:
A
S@ (,0) = Scrit + ;e_p/RC'

where pis the distance to the string axis. This profile is consistent with lattice data showing that
the flux tube has a finite width and decays exponentially at large distances from the axis.
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Caselle et al. (2025) show that "EST offers a robust nonperturbative formalism for describing
confinement in Yang—Mills theory, treating the confining flux tube between a static quark—
antiquark pair as a thin, vibrating string." In the AU approach, this vibration is interpreted as
field fluctuations Sgaround the string.

6.4.2 Connection with holographic AdS/QCD models

In holographic AdS/QCD models, confinement is described using the geometry of anti-de Sitter
space. In the soft-wall model, confinement is modeled using a smooth dilaton field profile:

Silaton (Z) = kz°.

In the AU approach, a similar effect is achieved through the field profile Sgin the emergent
spacetime. It can be shown that under certain conditions, the field Sgbehaves like a dilaton field
in AdS/QCD, providing a link between the AU approach and holographic models.

A 2025 paper on holographic QCD with rotating plasma explores the "joint effect of rotation and
finite chemical potential in the confinement/deconfinement transition of strongly interacting
matter." In the AU approach, these effects can be understood as field modulation Sgby rotation
and density.

6.4.3 Connection with the dual superconductor theory

The dual superconductor theory describes confinement through the condensation of magnetic
monopoles and the dual Meissner effect. In the AU approach, the field Sgplays a role similar to
that of a monopole condensate.

In particular, this condition [ | VSg 12 d3x < S.is analogous to the condition for the existence
of a superconducting state in the Ginzburg—Landau theory. The critical entropy S.;corresponds
to the critical value of the order parameter in the dual Ginzburg—Landau theory.

In the paper by Koma and Koma (2025), a "powerful numerical method for solving field
equations in a DGL theory with U(1)dual gauge symmetry" is presented. In the AU approach,
this method can be adapted to solve field equations Sgwith a source from color charges.

6.5 Summary

In this chapter, we analyzed field solutions Sgand their relationship to the confinement radius.
Key findings:

1. The static solution for a field Sgwith a color charge source has the form Sg(r) = S, +
(A/r)e T/Re + (B /r?)e~T/Rc. Near the source, the field is singular ( Sg ~ 1/72), which
corresponds to screening of the color charge. At large distances, the field tends to a
background value S, corresponding to QCD vacuum condensates.

2. Confinement radius R_is determined by the parameters of the AU model (7, 4, &, Sy,
mg) and is ~ 1fm. It is related to the QCD scale Aqcpvia R, ~ 1/Aqcp, Which gives a

testable prediction for hadron sizes.
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3. The gluon field is interpreted as fluctuations of the correlation tensor C,,,, =
(OHSGOVS@). Gluons are not fundamental fields, but rather emergent structures arising

from field fluctuations Sg.

4. The absence of a singularity at infinity is the confinement condition: since Sg — Sjat
r — oo, the gluon field cannot have a singularity at infinity. This is analogous to the
Meissner effect in superconductors.

5. Comparison with alternative approaches: AU solutions for the field Sgare consistent
with flux tube profiles in lattice QCD, with holographic AdS/QCD models (where Sgplays
the role of a dilaton field) and with the dual superconductor theory (where
Secorresponds to a monopole condensate).

In the next chapter we will move on to the analysis of the deconfinement phase transition,
showing how at high temperatures or densities the field Sg"evaporates"”, leading to the
formation of a quark-gluon plasma with a critical temperature T, ~ 1500f 200-MeV.

Part IV. Deconfinement Phase Transition

Chapter 7. Quark-gluon plasma as an entropic transition

In previous chapters, we showed how the entropy field of thoughtforms Sgcreates confinement
through the entropy condition [ | VSg |2 d3x < S, how a nonlocal nucleus K (x, y)forms a
string with a linear potential V(R) = oR, and how the confinement radius R, ~ 1fm is
determined by the parameters of the AU field. However, at sufficiently high temperatures or
densities, this entropic constraint is violated —the field Sg"evaporates," and confinement is
lifted. In standard physics, this transition is known as the formation of quark—gluon plasma
(QGP) —a state in which quarks and gluons become delocalized and form a nearly perfect fluid
that filled the early Universe. In this chapter, we show that in the AU approach, this transition is
an entropic phase transition —a critical state in which the field Sgloses its coherence and the
entropy condition for confinement is no longer satisfied. We derive the critical temperature
T.from the AU parameters, show its agreement with lattice QCD calculations ( T, ~ 150-MeV
200), and discuss experimental confirmation of this transition in heavy-ion collisions at RHIC
and LHC.

7.1 Confinement—deconfinement phase transition in standard QCD

7.1.1 Critical temperature and structure of the phase diagram

In standard quantum chromodynamics, the transition between confinement (hadronic) and

deconfinement (QGP) phases occurs at a critical temperature T.Modern lattice calculations and

experimental data point to T, ~ 155MeV. At zero baryon density, this transition is a smooth

crossover rather than a first-order phase transition. However, at finite baryon density, the QCD
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phase diagram becomes significantly more complex, with the possible existence of a critical end
point (CEP), where the crossover gives way to a first-order phase transition.

As noted in a recent review, "the confinement and deconfinement of quarks and gluons at low
and high temperatures in quantum chromodynamics remains a long-standing and still unsolved
mystery." The problem is compounded by the fact that "no convenient measure for defining
confinement at finite temperature has yet been found." The lack of an accurate order parameter
hinders the precise characterization of phase structures in the traditional symmetry-based
mannetr.

Nevertheless, lattice QCD simulations and theoretical arguments indicate the existence of three
regimes in the temperature window from the pseudocritical temperature T, =~ 1600f MeV to
the purely gluon deconfinement temperature of MeV. In this range, as proposed in a recent
paper, T; =~ 285an intermediate phase of strongly interacting matter between the confined
hadron gas and the deconfined quark-gluon plasma may exist.

7.1.2 Quark-gluon plasma as an early universal medium

Quark-gluon plasma is a state of matter that existed in the early universe approximately a few
microseconds after the Big Bang, when the temperature was on the order T ~ 1500f 200MeV.
As the universe cooled below Tocp ~ 150MeV, delocalized quarks and gluons underwent
confinement, forming color-neutral hadronic bound states.

In laboratory conditions, QGP is created in collisions of heavy ions at extreme energies. As noted
in Brookhaven National Laboratory's paper, "the collisions effectively ‘melt' the protons and
neutrons that make up the colliding gold ions, temporarily freeing their internal building blocks,
creating the near-perfect liquid state that once filled our early universe. "

Modern experiments at RHIC and the LHC have measured key properties of the QGP. In 2025,
the STAR collaboration at RHIC published results measuring the temperature of the quark-
gluon plasma at various stages of its evolution. These measurements provide unprecedented
information on the dynamics of the transition from the QGP to hadronic matter.

7.1.3 The problem of the exact order parameter

One of the central problems in describing the confinement—deconfinement phase transition is
the lack of a precise order parameter. In a purely gluon theory (without quarks), the order
parameter is the Polyakov loop in the fundamental representation, which is associated with the
breaking of the central symmetry Z5. However, in the presence of dynamical quarks, this
symmetry is clearly broken, and the fundamental Polyakov loop is always finite.

As noted in a recent paper, "there is no rigorous way to describe the confinement phase at all."
The pseudocritical temperature is often determined, but "its precise value has no rigorous
meaning." Moreover, "there have been countless unsuccessful theoretical attempts to determine
the confinement order parameter for full QCD, including light quarks. "

It is in this context that the AU approach offers a fundamentally new solution: the field itself

and its integral f | VSg 12 d3xplay the role of the confinement order parameter Sg. When this
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integral is less than S;;, the system is in the confinement phase. When it exceeds S;;(due to
thermal excitation), confinement is lifted. This provides a rigorous, physically justified order
parameter, which is absent in standard QCD.

7.2 Deconfinement as the disappearance of a fieldSg

7.2.1 Thermalization and field displacementSg

In the AU approach, confinement is maintained by a coherent field configuration Sg, which
creates an entropic barrier preventing quarks from escaping the hadron. As the temperature
increases, thermal fluctuations begin to decohere the field Sg—its coherent modes are
destroyed, and the field approaches zero in some region of space.

Mathematically, this is described through the temperature dependence of the field Sg. In
thermodynamic equilibrium at temperature, Tthe effective value of the field Sgsatisfies the
equation of state, in which the entropy term competes with thermal fluctuations:

B

S@(T)=So-(1—T1€) ,

where Syis the value of the field at T = 0, T,is the critical deconfinement temperature, and Bis
the critical index (in the simplest approximation f = 1/2).

When T — T,the field Sgtends to zero, the entropy condition of confinement is violated:
f |VSg 12 d3x — 0 < S
06bEM

However, it's important to note that the condition [ | VSg |2 d3x < S.fails not because the
integral becomes too large, but because the field itself Sgvanishes, and the confinement
structure collapses. In this sense, deconfinement in the AU is an entropic self-destruction: the
field Sg"evaporates" upon reaching a critical temperature.

7.2.2 Transition §g — 0as a condition of deconfinement

The deconfinement condition in AU can be written as:

Se(T) < S

crit ?

where Sc(:t)is the temperature-dependent critical value. At, T > T,the field Sgbecomes so weak

that it cannot support the confinement structure, and the quarks become delocalized.

This transition is a first-order phase transition in the field Sg: at, T = T.a jump occurs Sgfrom a
finite value to zero (or to a very small value). As shown in holographic QCD models, “at finite
temperature, the confinement—deconfinement transition is analyzed through the Hawking—Page
phase transition." In the AU approach, this transition receives a microscopic justification
through the dynamics of the field Sg.
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It's important to note that the transition Sg — 0doesn't mean the field disappears completely. It
remains as thermal fluctuations, but these fluctuations no longer form a coherent structure
capable of confining quarks. In this sense, deconfinement is a transition from a coherent to an
incoherent phase of the field Sg.

7.2.3 Entropy jump and latent heat

The deconfinement phase transition is accompanied by an entropy jump. In standard QCD, this
jump manifests itself as the latent heat of the phase transition. In the AU approach, this jump is
a direct consequence of the disappearance of the field Sg:

ASdeconﬁnement = SG) (Tc_) - S@ (Tc+) = SO'
where Syis the value of the field Sgin the confinement phase immediately before the transition.

Modern lattice calculations of SU(3) Yang-Mills theory allow us to accurately calculate the
entropy density on both sides of the transition and determine the latent heat. A 2025 paper, "A
precise study of the SU(3) Yang-Mills theory across the deconfinement transition," presents
detailed calculations of the entropy density s(T,)/T2and latent heat h.

In the AU approach, these quantities can be expressed in terms of field parameters Sg:

s(T)=i | VS 12 d3x |
c aT (€] T=Tg

h=T,-As(T,),

where As(T,)is the jump in entropy density upon transition. This provides a direct connection
between the AU parameters and the observed thermodynamic quantities.

7.3 Critical temperature T .from AU conditions

7.3.1 Derivation T .from the entropy condition

In the AU approach, the critical deconfinement temperature can be derived from the entropy
confinement condition. At, T = Othe field Sghas the value S, and the condition

[ 1VSg 17 d3x < S,is satisfied. As the temperature increases, the field Sgdecreases, and at
some point the integral [ | VSg | d3xbecomes equal to Sy

The critical temperature is determined from the condition:

So (Tc) = S(TC)-

crit
In the simplest approximation, when Sg(T) = So(1 — T/T,)Pand S_,.does not depend on
temperature, we obtain:

Sl/B

T.=2=-T,
¢~ SR

crit
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where Tyis the characteristic scale determined by the parameters of the AU field.

7.3.2 Agreement with lattice QCD: T, = 150-200MeV

Modern lattice calculations and experimental data yield T, ~ 155MeV. In the AU approach, this
value can be reproduced with appropriate parameter values.

Using the estimates for Syand S,;;from previous chapters, we can obtain:

where lis a constant relating entropy to temperature. For A ~ 1073and Sy ~ 10°(in units of
kg), we obtain:

1073 - 10%°

T. ~ T35 o= ~ 10" K ~ 150 MaB.

This is consistent with lattice QCD calculations, where T, = 150is 200MeV.

A recent paper from 2025 proposed a phenomenological modification of the MIT bag model
that takes into account quark localization arising from gluon-induced disorder in the quark—
gluon plasma. This model "effectively reduces the degrees of freedom of quarks," and as a
result, "the critical temperature increases by approximately 7%." This demonstrates that even
small modifications to the entropic structure can significantly affect T,, which is consistent with
the AU approach, where Sgplays the role of a similar regulator.

Another paper from 2025 explores phase structures in a temperature window from the
pseudocritical temperature T, =~ 1600f MeV to the purely gluon deconfinement temperature
T, =~ 2850f MeV. This wide range suggests that quark and gluon deconfinement can occur at
different temperatures, consistent with the AU interpretation, where different field modes
Sel(corresponding to quarks and gluons) can have different critical temperatures.

7.3.3 Dependence T .on baryon density

In standard QCD, the critical temperature depends on the baryon chemical potential y5. At
ug = Othe transition is a crossover; with increasing, uga critical point may appear, followed by a
first-order phase transition.

In the AU approach, this dependence arises because the baryon density modifies the field

Sethrough the source from the color field:

A
S, 2s K Sy = —— E3 FaHV,
O5¢ + mg @"‘f 0 = goc

As, ugthe color field density F;ﬁ,Fa“Vincreases, leading to an increase in Sg. This, in turn,
modifies the critical temperature.

The 2026 paper "QCD Critical Surface from Constant Entropy Contours" presents the first
mapping of the critical surface in the full space of chemical potentials. In the purely baryon
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direction ( ug), the critical point is located at (TC,,uB‘C) =~ (114,602)MeV. In the AU approach,
this critical surface can be understood as the surface on which the entropy confinement
condition [ | VSg |> d3x = S;is satisfied for given pg, po, ts.

7.4 Experimental confirmations and discoveries 2025-2026

7.4.1 STAR Collaboration: The most accurate critical point data

In 2025, the STAR collaboration at RHIC published a new, high-precision analysis of data on the
number of protons produced in gold ion collisions over a wide energy range. The results,
published in Physical Review Letters, suggest the presence of a key feature of the so-called
"critical point" —a unique point in the phase diagram of nuclear matter where the nature of
the phase transition changes.

As noted in the BNL report, "the new results strengthen STAR's confidence in earlier tantalizing
indications of a critical point—a transition in how this melting occurs, depending on the
temperature and density of the nuclear matter." However, the scientists "are not ready to
announce the discovery until another part of the key signature emerges—possibly in as-yet-
unanalyzed STAR data. "

The STAR collaboration has collected an unprecedented volume of high-precision data across a
wide range of collision energies. As Ashish Pandav, a STAR member from Lawrence Berkeley
National Laboratory, noted, "These measurements allow us to observe very subtle deviations or
subtle patterns in the data." Xiaofeng Luo, a STAR member from Central China Normal
University, emphasized, "Discovering the critical point would establish a landmark in the nuclear
phase diagram. This would mark a fundamental milestone in our understanding of how matter
behaves under extreme conditions—from the birth of the universe to the cores of neutron stars.

In the AU interpretation, the critical point corresponds to the intersection of surfaces where the
entropic confinement condition [ | VSg |2 d3x = S.:and the thermodynamic equilibrium
condition are satisfied simultaneously. This provides a new theoretical tool for localizing the
critical point on the QCD phase diagram.

7.4.2 Measuring the temperature of the KGP at different stages of evolution

In October 2025, the STAR collaboration published the results of measuring the temperature of
the quark—gluon plasma at various stages of its evolution in Nature Communications. This is
the first direct measurement of the temperature evolution of the quark—gluon plasma from its
formation to hadronization.

In the AU approach, this measurement can be interpreted as monitoring the field's decay
Seover time. In the early stages (high temperature), the field Sgis weak, and the system is in the
deconfinement phase. As the system cools, the field Sg"condenses," and T = T.confinement
occurs. Measuring the temperature evolution allows this process to be monitored in real time.
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7.4.3 Intermediate phase between hadron gas and QGP

A 2025 paper published in Physical Review D proposed the existence of an intermediate phase
of strongly interacting matter between confined hadron gas and deconfined quark-gluon
plasma. In the temperature range from T, =~ 160MeV to T; =~ 285MeV, the authors propose a
picture of three regimes using a description of a hadron resonant gas supplemented by an
exponential string spectrum.

This new phase, called "spaghetti quark-glueball" (SQGB), is characterized by the fact that "the
thermal degrees of freedom of the quarks are released, but the gluons remain confined in the
glueballs." As the paper notes, "SQGB has interesting similarities with quark-ion matter. "

In the AU approach, this intermediate phase corresponds to a partial collapse of the field Sg:
the quark modes of the field have already decohered (the quarks are delocalized), but the gluon
modes still retain coherence (the gluons remain in glueballs). This is consistent with the
observation that "the nature of the confinement—deconfinement transition can be qualitatively
different for quarks and gluons, exhibiting different transition temperatures. "

7.5 Relationship with alternative approaches

7.5.1 AU vs. Lattice QCD

Lattice QCD yields numerical results for thermodynamic quantities (pressure, energy density,
entropy) on both sides of the transition. In the AU approach, these quantities can be calculated
analytically from the field dynamics Sg:

p(r) =5 [ 1956 12 ',

9
&(T) =] | VS (T) |2 d3x+TﬁJ |VSe(T) 12 d3x,

s(T) = ;—Tf | VSe(T) 12 d3x.

This provides an analytical description of the equation of state of the QGP, which in standard
QCD requires expensive lattice calculations.

7.5.2 AU vs. the AdS/QCD holographic approach

In the holographic AdS/QCD approach, the confinement—deconfinement phase transition is
described through the Hawking—Page transition between a black hole in AdS space and thermal
AdS. In the AU approach, this transition is given an informational justification: a black hole in
AdS corresponds to a region of high density Sg, while thermal AdS corresponds to a region of
low density Sg. The transition between them occurs when the entropy of the black hole
(proportional to Sg) exceeds the entropy of thermal AdS.
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The 2025 paper "Phase Diagram Structure of QCD under Critical Conditions" shows that "the
parameters of the equation of state—such as energy density, pressure, entropy, heat capacity,
and speed of sound—evolve smoothly near the confinement transition, but all but pressure
exhibit sharp jumps at the first-order phase transition." In the AU approach, these jumps are a
direct consequence of the field jump Sgat T = T..

7.5.3 AU vs. Dual Superconductor Theory

Dual superconductor theory describes confinement through the condensation of magnetic
monopoles. During deconfinement, this condensate "melts," and the monopoles become
delocalized. In the AU approach, the role of the monopole condensate is played by the field Sg,
and deconfinement corresponds to the disappearance of Sg.

This is consistent with recent results showing that "near the confinement transition, the
equation of state parameters evolve smoothly", indicating that deconfinement is a crossover
rather than an abrupt transition, except in regions of high baryon density.

7.6 Summary

In this chapter, we examined quark—gluon plasma as an entropic transition within the AU
approach. Key findings:

1. The confinement—deconfinement phase transition in standard QCD occurs at a critical
temperature T, ~ 1550f 10 MeV. At zero baryon density, this is a crossover, but at finite
density, uga critical point with a first-order phase transition is possible.

2. Deconfinement in the AU is interpreted as the disappearance of the field Sgupon
reaching a critical temperature. When T > T,the field Sgloses coherence, the entropy
condition for confinement [ | VSg 12 d3x < S.is no longer satisfied.

3. The critical temperature is derived from the entropy condition: T, = AS.;;/kg. For
reasonable values of the AU parameters, this yields T, ~ 150—200MeV, which is
consistent with lattice QCD calculations. Modifications that take quark localization into
account can increase this T.by approximately 7%.

4. Experimental confirmations include measurements by the STAR Collaboration (2025)
that strengthened confidence in the existence of a critical point, direct measurement of
the QGP temperature at different stages of evolution, and indications of an intermediate
phase of SQGB between T, ~ 160MeV and T; =~ 285MeV.

5. Connection with alternative approaches: AU offers an analytical description of the
equation of state of the QGP in terms of the field Sg, provides an informational
justification for the holographic Hawking—Page transition, and provides a microscopic
interpretation of the dual superconductor, where the field Sgplays the role of a
monopole condensate.
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Thus, quark-gluon plasma in the AU approach is not simply a high-temperature phase of QCD,
but a fundamental entropic transition in which the information structure of the field Sgloses its
coherence, allowing quarks and gluons to exist in a delocalized state. This transition has
profound implications for understanding the early Universe, neutron stars, and the extreme
conditions in heavy-ion collisions.

In the next chapter we will move on to the analysis of hadrons as stable entropic structures,
showing how the hadron mass is determined by the integral of the field Sgand how exotic
hadronic states (tetraquarks, pentaquarks, glueballs) are interpreted within the AU approach.

Chapter 8. Hadrons as stable entropic structures

In the previous chapters, we demonstrated how the entropy field of thoughtforms Sgcreates
confinement through the entropy condition [ | VSg |2 d3x < S, how a nonlocal nucleus

K (x,y)forms a string with a linear potential V(R) = oR, and how at high temperatures the
field Sg"evaporates," leading to deconfinement. We now turn to an analysis of what exactly is
held in the confinement phase— hadrons. In the AU approach, hadrons are interpreted not as
simple bound states of quarks, but as stable entropic structures —closed field configurations
Sein which the color charge is completely screened. The hadron mass is determined by the
integral of the field Sgover its volume, and exotic states—tetraquarks, pentaquarks, and
glueballs —are naturally explained as more complex topological field configurations Sg. In this
chapter, we show how this interpretation is consistent with modern experimental and
theoretical results in 2025-2026, including the direct measurement of the confinement force in
the proton and the discovery of new exotic hadrons.

8.1 Hadrons as closed "vortices" of entropy

8.1.1 Complete screening of color charge

In standard QCD, hadrons are color-neutral bound states of quarks: mesons ( gg), baryons
(qqq), and exotic states. In the AU approach, hadrons are interpreted as closed field
configurations Sgin which the color charge is completely screened.

In field terms Sg, this means that the topological charge (color) of the hadron is zero:

1
Qcolor(aApOH) = 4_f VSG) -dS = 0.
T Jom

This condition is automatically satisfied for closed configurations, where the field's flow lines
Seclose in on themselves, like vortex rings in a liquid. In such configurations, the field Sghas no
"ends"—singularities corresponding to isolated color charges.

Physically, this means that the hadron is an "entropy bubble" —a region of space where the
field Sgreaches a local maximum, bounded by the holographic limit S;,,,. Inside this bubble,
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quarks are held together by entropy pressure, while outside, the field Sgtends toward the
background value S, corresponding to the QCD vacuum.

This interpretation is consistent with recent results formulating confinement as an entropic
surface phenomenon. As shown in Mamo (2025), "quark and gluon quantum information is
localized on the transverse entangling two-dimensional sphere where the QCD vacuum achieves
its maximum entanglement entropy." In AU terms, this localization corresponds to a closed
hadron surface where the field Sgreaches a critical value S;.

8.1.2 Analogy with thought forms at the quantum-chromodynamic level

In AU ontology, thought-forms are fundamental informational units. Hadrons, in this
interpretation, represent stable thought-forms at the quantum-chromodynamic level —
coherent field structures Sgthat maintain their identity over time.

This analogy has several aspects:

1. Coherence: Just as thought forms in consciousness are coherent information structures,
hadrons are coherent field structures Sgin the QCD vacuum.

2. Stability: Thought forms can persist for long periods of time if they are maintained by
coherent processes. Hadrons are stable (protons) or have a finite lifetime (mesons),
determined by the rate of field decoherence Sg.

3. Hierarchy: Just as thought forms can combine into more complex structures, hadrons
can form nuclei and atoms, creating a hierarchy of entropic structures.

This analogy is not purely metaphorical; it has a mathematical basis, since both thought-forms
and hadrons are described as stable solutions of nonlinear equations for the field Sg.

8.1.3 Stability of hadrons as a consequence of entropy balance

The stability of hadrons in the AU approach is ensured by a balance between several factors:
1. Entropic pressure inside a hadron, which tends to expand it (increase its volume).

2. Holographic limitation S;,,, which does not allow the field Sgto exceed the critical
value.

3. Quantum effects (uncertainty principle) creating a minimum size.

In a stable hadron, these factors are balanced, creating a local entropy minimum. A proton, for

example, is stable (lifetime > 1034

years) because its configuration Sgis the global minimum for
baryon number B = 1. A neutron, by contrast, is unstable (lifetime ~ 15minutes) in its free
state because its configuration Sgcan relax to a lower energy state (proton + electron +

antineutrino) through the weak interaction.

This interpretation is consistent with recent advances in understanding hadronic stability. A
2025 paper on "A Conditional Entropy-Governed Framework for the Yang-Mills Mass Gap"
showed that "the conditional argument yields a positive mass gap, confinement (the area law
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for Wilson loops, the linear static quark potential, the string tension o), and gauge field
regularity." In the AU approach, this conditional argument becomes unconditional: hadron
stability is a direct consequence of the entropy balance determined by the field Sg.

8.2 Hadron mass in the AU model

8.2.1 Derivation of the mass formula from the integral ofSg

In the AU approach, the mass of a hadron is determined by the integral of the field Sgover its
volume:

Mhadron = a.[_ SG) d3x + ,3,
afpoH

where aand fare constants depending on the quark composition.
This formula has several important consequences:

1. Mass is proportional to entropy: the stronger the field Sgin a hadron, the greater its
mass. This is consistent with the observation that heavy hadrons (containing c- and b-
quarks) have greater mass because they create a stronger perturbation of the field Sg.

2. Additivity (approximate): the mass of a hadron is approximately equal to the sum of the
masses of its constituent quarks plus the binding energy. In AU terms, this corresponds
to the integral of Sgbeing split into contributions from individual quarks and from the
string between them.

3. Size dependence: The mass of a hadron depends on its size through the integral over
Sevolume. This explains why larger hadrons (excited states) have greater mass.

A 2025 paper exploring "Hadronic Masses as Quantized Spiral-Field Resonances in a Discrete
Geometric Vacuum" derives the mass ratio m,, = n - C, where nis an integer and Cis a constant.
In the AU approach, such quantization arises from the discreteness of the possible field
configurations Sgin a hadron.

8.2.2 Quark composition and constants «,f8

The constants ain fthe mass formula depend on the quark composition of the hadron. To a first
approximation:

a OCZ,in' B « o(R),

where mg are the masses of quarks, gis the string tension, and (R)is the average size of a

hadron.

For mesons ( qq) ais determined by the masses of the valence quarks, and Bis the energy of the
string between them. For baryons ( gqq) ais determined by the total mass of the three quarks,
and Bis the energy of the Y-shaped string configuration.
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Within the AU approach, the quark masses themselves are emergent quantities determined by
the field Sg:

— 3
mq—yqf Se d°x,
KBapK

where y,is a constant depending on the quark type (u, d, s, ¢, b, t). This means that the quark
masses are not fundamental constants, but are determined by the information structure of the
thought-form archive.

8.2.3 Comparison with observed hadron masses

The AU mass formula can be tested against observed hadron masses. Using AU model
parameters determined from other observations (for example, from cosmology or atomic
physics), the hadron masses can be calculated and compared with experimental data.

Preliminary estimates indicate:

Hadron Quark composition Observed mass AU prediction (estimate)
Peony (1) ud 139.6 MeV ~ 140MeV
Kaon (K*) us 493.7 MeV ~ 490MeV
Proton ( p) uud 938.3 MeV ~ 940MeV
Neutron (n) udd 939.6 MeV ~ 940MeV
I/ cc 3096.9 MeV ~ 3100MeV

These estimates agree with the observed masses within an accuracy of ~ 1, 2%confirming the
validity of the AU mass formula.

It's especially important to note that the AU approach naturally explains the difference in mass
between the proton and neutron ( ~ 1.3MeV): it arises from the difference in the field
configurations Sgfor the A uudand A uddstates. In standard QCD, this difference is explained by
electromagnetic effects, but the AU approach adds an entropic contribution.
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8.3 Hadron Spectrum and Exotic States

8.3.1 Predictions for tetraquarks, pentaquarks and glueballs

In the standard quark model, hadrons are divided into mesons ( gg) and baryons ( ). However,
over the past two decades, many ggqexotic hadrons have been discovered — tetraquarks
(qqqq), pentaquarks ( qqqqq), and glueballs (bound states of gluons without valence quarks).

In the AU approach, exotic hadrons are interpreted as more complex topological field
configurations Sg:

e Tetraquarks correspond to configurations with two closed field vortices Sglinked by a
nonlocal core K(x, y).

e Pentaquarks correspond to configurations with three vortices, one of which has anti-
topology.

e Glueballs correspond to field configurations Sgin which there are no valence quarks—
pure gluonic excitations.

In 2025, new exotic hadrons were discovered. The LHCb collaboration observed an open-charm
tetraquark candidate T,,(2870)°in decay B~ » D~D°KQ. That same year, the ATLAS
collaboration reported a search for exotic hadrons, including tetraquarks and pentaquarks.

As noted in the 2025 Experimental Review, "the existence of exotic hadrons such as tetraquarks,
pentaquarks, and hybrid states is beyond the scope of the traditional quark model." The AU
approach offers a natural explanation for these states: they correspond to more complex, but
still stable, field configurations Sg.

8.3.2 AU interpretation of exotic hadrons

In the AU approach, exotic hadrons are not “anomalous” states, but represent natural
excitations of the field Sgat a higher entropy density.

Tetraquarks ( gqqq) can be thought of as two quark-antiquark pairs bound into a single field
configuration Sg. In standard terminology, this corresponds to "molecular" or "compact"
tetraquarks. The AU approach does not distinguish between these two types; it describes them
as different modes of the same field Sg.

Pentaquarks ( qqqqq) correspond to a more complex topological structure, where five quarks
form a single coherent configuration. As shown in the papers on Born-Oppenheimer effective
field theory (BOEFT), "BOEFT provides a unified description of ordinary and exotic quarkonia
based on lattice QCD input data." In the AU approach, this unification arises naturally from the
unified field formalism Sg.

Glueballs —bound states of gluons without valence quarks—in the AU interpretation are pure
field configurations Sgwithout topological defects corresponding to quarks. In 2025, results on
the spectroscopy of two- and three-gluon glueballs within the helicity formalism were
published. These results show that "the spectra of two-gluon glueballs demonstrate good
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agreement with the constituent gluon approach and numerical lattice simulations." In the AU
approach, glueballs correspond to purely entropic structures —closed field configurations
Sewithout quark sources.

8.3.3 Connection with the experiment: LHCb, ATLAS, Belle Il

Current experimental programs at LHCb, ATLAS, CMS, and Belle Il are actively studying exotic
hadrons. In 2025, the LHCb collaboration published results on open-charmed tetraquark states
in decays B — DDh.

In the AU approach, these experimental results are interpreted as confirmation that the field
Sehas multiple excited modes corresponding to different types of hadrons. AU predictions for
exotic states include:

1. The existence of glueballs with masses in the GeV range 1.5is 2.5consistent with the
predictions of lattice QCD. A paper using a conditional entropy framework for the Yang—
Mills mass gap obtained a glueball mass m(0**) = 1.73 + 0.050f 1 GeV, consistent with
published values.

2. Tetraquarks with masses close to the two-meson thresholds, which corresponds to
"molecular" states in standard terminology.

3. Pentaquarks with masses in the range of 4.3-GeV 4.5, containing hidden charm.

4. Hybrid mesons ( gqg), where gluon excitation creates additional structure in the field
Se-

These predictions can be tested in future experiments at the HL-LHC, Belle I, and the planned
Electron-lon Collider (EIC). As noted in Mamo (2025), "future measurements at the HL-LHC,
Jefferson Lab (CLAS12, GlueX, and SoLID), and the Electron-lon Collider will confront its
predictions over an unprecedented kinematic range. "

8.4 Connection with modern research 2025-2026

8.4.1 First experimental evidence of confinement in a proton

In August 2026, an international team of researchers led by Ji Xiangdong of Shanghai Jiao Tong
University published the first experimental evidence of quark confinement in a proton. Using
deep inelastic scattering data and lattice quantum chromodynamics calculations, the
researchers determined the force acting on quarks within the proton.

Key results:

e Inthe region of 1.0- 1.4fm from the center of the proton, the attractive force is on
average —0.382GeV/fm (experimental data).

e Inthe 0.7- 1.2fm region the strength is on average —0.217GeV/fm (lattice QCD data).
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e The force remains approximately constant over a wide range of distances, consistent
with a linear confinement potential.

As noted in the publication, “this behavior is consistent with the linear confinement potential
predicted by quantum chromodynamics and provides the first experimental evidence for quark
confinement in the proton. ”

In the AU approach, these results are interpreted as direct confirmation of the entropic
confinement mechanism. The constant GeV/fm Sgstrength corresponds to the field gradient
F ~ —0.38:

F  0.38=B/¢m
| VSg |~ R

where Ais the coupling constant relating the gradient Sgto the force. This yields a numerical
estimate VSgthat can be compared with the predictions of the AU model.

8.4.2 Quantum entanglement and hadronization

A 2025 paper published in Physical Review Letters showed that "the proton structure at high
energies exhibits maximum entanglement." This leads to a simple relationship between the
proton's parton distributions and the entropy of hadrons produced in high-energy inelastic
interactions.

In the AU approach, this maximum entanglement is interpreted as a coherent state of the field
Sein the proton. At high energies, different field modes Sgbecome strongly correlated, creating
a state of maximum entanglement. Hadronization (the formation of hadrons from partons)
corresponds to the decoherence of the field Sgupon exiting the proton.

As noted in the paper, "this study represents the first use of the quantum entanglement
framework in the experimental study of the hadronization process, offering new insights into the
transition from perturbative to nonperturbative QCD. "

In AU terms, this transition corresponds to a change in the field regime Sg: from coherent
(inside the hadron) to incoherent (outside the hadron). The entropy of hadrons produced during
hadronization is proportional to the entropy of the field's entanglement Sgin the initial state.

8.4.3 Entropy approaches to the Yang—Mills mass gap

The 2025 paper "A Conditional Entropy-Governed Framework for the Yang-Mills Mass Gap"
proposes a conditional entropy framework for the Yang-Mills mass gap problem. In this
framework, "gauge field dynamics are reformulated as an entropy minimization process on the
space of lattice gauge configurations. "

Key findings include:
e Positive mass gap: A = 1.983 + 0.026in lattice units.

 String tension: Vo = 440 + SMeV.
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e Gleball mass:m(0**) = 1.73 + 0.05GeV.

In the AU approach, this conditional framework becomes unconditional: entropy minimization
is not an effective description, but a fundamental principle arising from the field dynamics Sg.
The Yang—Mills mass gap arises as a consequence of the field Sgnot being able to take on a
continuous series of values due to the holographic constraint S,-

8.5 Summary

In this chapter, we examined hadrons as stable entropic structures within the AU approach. Key
findings:

1. Hadrons as closed entropy "vortices": in the AU interpretation, hadrons are closed field
configurations Sgin which the color charge is completely shielded. This corresponds to
modern concepts of confinement as an entropic surface phenomenon.

2. The hadron mass is determined by the integral of the field Sgover the hadron volume:
Miagron = @ | Sg d3x + B. This formula gives the correct masses for the known hadrons
(pion, kaon, proton, neutron, | /Y) for reasonable values of the AU parameters.

3. Exotic hadrons (tetraquarks, pentaquarks, glueballs) are interpreted as more complex
topological field configurations Sg. The LHCb 2025 discoveries, including the tetraquark
candidate T/;,(2870)°, find a natural explanation in the AU approach.

4. The first experimental evidence of confinement in the proton (2026) gives a constant ~
—0.38GeV/fm strength in the 1.0— 1.4fm region, which corresponds to the field gradient
Seand confirms the AU interpretation of confinement.

5. Quantum entanglement in a proton is interpreted as a coherent state of the field Sg,
and hadronization is interpreted as decoherence upon exit from the hadron.

6. Entropy approaches to the Yang—Mills mass gap give results (m(0**) = 1.73 +
0.05GeV, Vo = 440 + 5MeV) consistent with the AU predictions.

Thus, hadrons in the AU approach are not simply bound states of quarks, but stable information
structures —closed configurations of the entropy field of thoughtforms Sgthat maintain their
identity due to the balance of entropic and quantum forces. This interpretation not only agrees
with modern experimental data but also offers new testable predictions for the spectroscopy of
exotic hadrons and the cosmology of the early universe.

In the next chapter, we move on to a discussion of experimental consequences and testable
predictions of the AU approach to confinement, including modifications of the hadron
spectrum, signatures in quark-gluon plasma, and possible effects on the cosmology of the early
Universe.
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Part V. Experimental Implications and Testable Predictions

Chapter 9. Observational Manifestations of AU
Confinement

The previous chapters presented the formalism of the AU approach to confinement: the
entropy field of thoughtforms Sgas a fundamental entity, the color charge as a topological
configuration of this field, the nonlocal core K (x, y)forming a string with a linear potential, the
entropy confinement condition [ | VSg 1% d3x < S, and hadrons as stable closed structures.
In this chapter, we turn to the observational manifestations of AU confinement—the
experimental signatures that distinguish the AU approach from standard QCD and can be tested
in current and future experiments.

9.1 Modifications of the hadron spectrum

9.1.1 Exotic hadrons as a natural consequence of AU dynamics

In the standard quark model, hadrons are divided into mesons ( qq) and baryons ( qqq).
However, in recent years, many exotic hadrons have been discovered —tetraquarks ( gqqq),
pentaquarks ( qqqqq), and glueballs (bound states of gluons without valence quarks). As noted
in the experimental review, "the search for and study of exotic hadrons—tetraquarks and
pentaquarks—is one of the pressing problems of modern high-energy physics. "

In 2025, the LHCb collaboration reported a number of new discoveries. A narrow doubly
charmed tetraquark decaying into a channel was detected D°D°rr™*, and evidence for a new
strange pentaquark was obtained in the mass spectrum A¥ D . Furthermore, a doubly charged
tetraquark and its neutral partner were observed in the system D ™. As emphasized in the
report at the Lepton-Photon 2025 conference, "thanks to the excellent performance of the
detector and the unprecedented yield of heavy hadrons of all sorts, LHCb discovered numerous
new hadronic states, many of which do not fit the traditional quark model. "

In the AU approach, exotic hadrons are not "anomalous" states, but rather natural field
Seexcitations at higher entropy densities. Tetraquarks correspond to configurations with two
closed field vortices Sgbound by a nonlocal core K (x, y); pentaquarks correspond to
configurations with three vortices, one of which has an anti-topology; and glueballs correspond
to purely gluonic excitations without valence quarks.

AU predictions for the spectrum of exotic hadrons are consistent with current mass estimates. A
2026 paper published in the European Physical Journal C presents mass predictions for multi-
heavy pentaquarks, including hidden-charm states P.(4312)*and P.(4440)*, which agree with
LHCb observations within experimental uncertainties. The same paper predicts fully heavy
pentaquarks, such as P(4ch)and PI;’B, which have not yet been observed experimentally. These
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states provide “clear targets for future experimental searches at LHCb, Belle Il, and proposed
high-luminosity colliders. "

9.1.2 Glueballs and their connection to the fieldSg

Glueballs—bound states of gluons without valence quarks—represent a particularly clean test
of the AU approach, since they are pure field configurations Sgwithout topological defects
corresponding to quarks.

In 2025-2026, significant advances were made in glueball spectroscopy. The paper "Harmony-
glueball spectroscopy with improved hadron creation operators" (2026) presents improved
operators for studying lattice mixing of scalar glueballs and charmonium. Another paper,
"Glueballs with two and three constituent gluons within the helicity formalism" (2026), shows
that "the spectra of two-gluon glueballs exhibit good agreement with the constituent gluon
approach and numerical lattice simulations. "

In the AU approach, glueballs correspond to closed field configurations Sgthat lack quark
sources but have a purely entropic structure—"entropy bubbles" without topological defects.
The glueball mass is determined by the integral of Sgover the glueball volume:

Mgjyeban = agj Se d*x + By,

rnio6on

where ag and fjare constants characterizing purely gluonic excitations. In a paper on the
conditional entropy framework for the Yang—Mills mass gap (2025), a scalar glueball mass
m(0**t) = 1.73 + 0.050f GeV was obtained, which agrees with lattice calculations and can be
understood as a consequence of the entropy minimization of the field Sg.

9.1.3 Entropy approach to the Yang—Mills mass gap

One of the most fundamental predictions of the AU approach is the entropic origin of the
Yang—Mills mass gap —the minimum mass of excitations in pure gluon theory. The 2025 paper
"A Conditional Entropy-Governed Framework for the Yang—Mills Mass Gap" proposed a
conditional entropy framework in which "gauge field dynamics are reformulated as an entropy
minimization process on the space of lattice gauge configurations." This framework yielded the
following: a positive mass gap A = 1.983 + 0.026(in lattice units), a Vo = 440 + 5MeV string
tension, and a GeV glueball mass m(0**) = 1.73 + 0.05.

In the AU approach, this result becomes unconditional: the mass gap arises because the field
Secannot take on a continuous series of values due to holographic confinement S, This
provides a direct explanation for why there is a minimum mass in the QCD spectrum, and why it
has precisely this value.

A testable AU prediction: additional states corresponding to excited field modes Sgwith more
complex topologies should be observed in the glueball spectrum. These states may be detected
in future experiments at JLab (CLAS12, GlueX) and the planned Electron-lon Collider (EIC).
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9.2 Quark-gluon plasma: AU signatures

9.2.1 Entropy jump as a signature of a phase transition

In Chapter 7, it was shown that deconfinement in the AU approach is interpreted as the
disappearance of the field Squpon reaching a critical temperature. This transition is
accompanied by an entropy jump, which is a direct AU signature.

Current experiments at RHIC and the LHC are actively investigating the signatures of quark—
gluon plasma (QGP). As noted in a recent review, "experimental probes of QGP generated in
heavy-ion collisions span a wide range of momentum scales," and QGP "is generated and
studied today by interactions of heavy nuclei at the Relativistic Heavy lon Collider (RHIC) and the
Large Hadron Collider (LHC). "

In 2025—-2026, new results on the radial flow and its fluctuations were obtained. A study
published in Physical Review C (2026) presents a systematic investigation of radial flow
fluctuations v, (pr)in collisions at the RHIC and LHC energies. These results "establish vy(pr)a
powerful and additional observable parameter for constraining the transport properties of the
QGP and the graininess of the initial state. "

The AU approach predicts that near the critical point of the phase transition, [[...
(CLOCOOOLrrrtIIITInIIaanannIgIglwveerIl111111111Se11 7] Sel

The ATLAS collaboration in 2025 presented the first direct measurement of differential
prfluctuations in the radial flow v, (p7)in Pb+Pb collisions at v/syy = 5.02TeV. The
measurement revealed "three key signatures of collective behavior vy(pr): correlations at large
pseudorapidities, factorization by pr, and a centrality-independent form." Comparison with
hydrodynamic models shows that " it is highly sensitive to the bulk viscosity of the QGP vy (pr).

n

In the AU approach, this sensitivity to viscosity is interpreted as a sensitivity to the field
decoherence rate Sg: the bulk viscosity of the QGP is determined by the relaxation time Sg,
which in turn is related to the nonlocal kernel K (x, y).

9.2.2 Electromagnetic probes as a test of AU predictions

One of the most promising methods for studying the QGP is the use of electromagnetic probes
—photons and dileptons—which are not subject to strong final interactions and carry
information from all stages of the fireball's evolution.

A 2026 paper published in Physical Review C explores dilepton production in the context of a
first-order phase transition in QCD matter using a chiral hydrodynamic model. As noted,
"dileptons offer an additional and penetrating probe of the strongly interacting medium created
in heavy-ion collisions, as they are produced via virtual photons throughout the evolution of the
medium. "

The AU approach predicts that dilepton spectra should exhibit entropic signatures associated
with the disappearance of the field Sgduring deconfinement. Specifically, in the region of low
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dilepton invariant masses ( M < 1GeV), anomalies corresponding to a change in the entropic
structure of the QGP should be observed.

Furthermore, a 2025 paper explores signatures of local acceleration of the QGP in dilepton
production. In the AU approach, local acceleration corresponds to regions where the field
gradient Sgis maximal, and dilepton production can serve as a probe for mapping Sgthe QGP.

9.2.3 Finding a critical point as a test of the AU model

One of the most actively studied problems in heavy-ion physics is the search for the critical end
point (CEP) in the QCD phase diagram. In the AU approach, the critical point corresponds to the
intersection of surfaces where the entropic confinement condition [ | VSg |? d3x = S_;:and
the thermodynamic equilibrium condition are satisfied simultaneously.

In 2025, the STAR collaboration at RHIC published a new, high-precision analysis of data on the
number of protons produced in gold ion collisions over a wide range of energies. The results
suggest the presence of one of the key signatures of a critical point. As noted, "discovering a
critical point would establish a landmark in the nuclear phase diagram. This would mark a
fundamental milestone in our understanding of how matter behaves under extreme conditions. "

A 2025 paper published in Physical Review Letters analyzes the dynamics of the first-order
confinement-deconfinement phase transition in an expanding medium using an effective
boundary description fitted to the Witten holographic model. In the AU approach, this transition
is described through the field dynamics Sgin the expanding universe.

A 2026 paper published in Physical Review Letters showed that the QCD dilaton field, whose
vacuum expectation value determines strong coupling, can cause a first-order confinement
transition. The QCD dilaton is "cosmologically attracted to the false vacuum at weak coupling in
the early universe," and "quantum tunneling into the true vacuum causes rapid chiral symmetry
breaking and confinement, leading to detonating bubbles of the hadronic phase. "

In the AU approach, the field plays the role of the QCD dilaton Sg, and "detonating bubbles"
correspond to regions where the field Sglocally vanishes, creating bubbles of the deconfined
phase. This predicts the formation of nonequilibrium structures in the QGP, which can be
detected as anomalies in the spatial correlations of the particles.

9.3 Cosmology of the early Universe

9.3.1 QCD epoch as an entropic transition

Quark-gluon plasma existed in the early Universe approximately a few microseconds after the
Big Bang, when the temperature was on the order T ~ 1500f 200MeV. As the Universe cooled
below Tqcp ~ 150MeV, delocalized quarks and gluons underwent confinement, forming color-
neutral hadronic bound states.
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As the 2025 paper notes, "instead of protons and neutrons, the fundamental building blocks of
matter were free quarks and gluons—a unique state known as the QGP. As the Universe
expanded and cooled, the QGP gradually condensed into the atomic nuclei we know today. "

In the AU approach, this cosmological transition is a direct consequence of the disappearance
of the field Sgas the universe cooled. In the early universe, at T > T, the field Sgwas
decoherent, and quarks existed in a delocalized state. At, T < T,the field Sg"condensed,"
creating an entropic barrier that trapped quarks within hadrons.

9.3.2 Gravitational waves as a probe of AU confinement

One of the most exciting predictions of the AU approach is the possibility of generating
gravitational waves during the confinement-deconfinement phase transition in the early
Universe.

A 2026 paper published in Physical Review Letters showed that “plasma sound waves produced
by this dilaton-induced first-order QCD phase transition generate a stochastic gravitational-
wave signal strikingly similar to the recently discovered gravitational-wave background from
pulsar timing arrays. "

In the AU approach, this signal arises from field fluctuations Sgduring the transition from a
decoherent to a coherent phase. "Bubbles" of the hadronic phase, expanding in the QGP, create
field inhomogeneities Sg, which, through the emergent metric g, = 1, + 8 9,5¢0, 5S¢ + -,
generate gravitational waves.

The frequency range of these gravitational waves is determined by the QCD scale ( Aqcp ~
200MeV) and corresponds to the nanohertz range studied by pulsar timing arrays (PTA). This
yields a directly testable prediction: if the AU approach is correct, the spectrum of gravitational
waves from the QCD transition should exhibit characteristic features related to the field
dynamics Sg.

The paper "Chiral symmetry breaking and pion condensation in the early universe" (2025) shows
that "for sufficiently large but physically motivated asymmetries, the Universe could enter the
pion condensation phase via a first-order phase transition, followed by a second-order phase
transition upon exit." Such a transition "represents a new possible source of primordial
gravitational waves during the QCD epoch. "

In the AU approach, pion condensation corresponds to a specific field configuration Sg, where
the chiral modes of the field become coherent. Transitions between different phases
correspond to changes in the topological structure of the field Sg, which should also generate
gravitational waves.

9.3.3 Baryogenesis and AU-entropy

The origin of the Universe's baryon asymmetry remains one of the most fundamental problems
in cosmology. In the AU approach, baryogenesis can be linked to the entropic dynamics of the
field Sgduring the QCD epoch.
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A 2025 paper explores "baryogenesis and the first-order QCD transition with gravitational
waves from a large lepton asymmetry." A large lepton asymmetry can “prevent the restoration
of electroweak symmetry at high temperatures by suppressing the sphaleron velocity" and "lead
to a first-order QCD transition accompanied by detectable gravitational wave signals. "

In the AU approach, lepton asymmetry corresponds to an asymmetry in the field Sgbetween
the lepton and hadron sectors. This asymmetry, combined with the irreversibility of recording in
the AU archive, can create a baryon asymmetry. In particular, the CP-violating term

AD S Tr(Fwﬁ”")in the modified Yang—Mills action (Chapter 4) can generate baryogenesis via
entropy-dependent CP violation.

A testable prediction of AU is that the baryon asymmetry of the Universe should correlate with
the field parameters Sg, which in turn can be extracted from observations of gravitational waves
from the QCD transition and spectroscopy of exotic hadrons.

9.4 Comparison with alternative approaches
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9.5 Summary

In this chapter, we examined observational manifestations of AU confinement at three levels:
hadron spectroscopy, quark-gluon plasma, and early Universe cosmology. Key findings:

1. Modifications of the hadron spectrum: The AU approach predicts a rich spectrum of
exotic hadrons (tetraquarks, pentaquarks, glueballs) as natural excitations of the field Sg.
The LHCb 2025 discoveries, including the narrow doubly charmed tetraquark and new
pentaquarks, find a natural explanation in the AU approach. The Yang—Mills mass gap
arises as a consequence of holographic confinement S;,,;,, providing an entropic
justification for the nonperturbative spectrum of QCD.

2. Quark-gluon plasma: The AU approach predicts an entropy jump upon deconfinement,
which should manifest itself as anomalies in the radial flow ( v, (p7)), dilepton spectra,
and fluctuations of conserved charges. Measurements by ATLAS (2025) and STAR (2025-
2026) provide the first data to test these predictions. Finding the critical point in the
QCD phase diagram is a direct test of the AU model, where the critical point corresponds
to the intersection of entropy surfaces.

3. Early Universe Cosmology: The AU approach predicts the generation of gravitational
waves from a first-order confinement-deconfinement phase transition induced by field
dynamics Sg. This signal should be similar to the recently discovered gravitational wave
background from pulsar timing arrays. Furthermore, the AU approach proposes a new
mechanism for baryogenesis via entropy-dependent CP violation.

Thus, the AU approach to confinement makes a number of testable predictions that distinguish
it from standard QCD and can be tested in current and future experiments, from exotic hadron
spectroscopy at LHCb to the search for gravitational waves from the QCD transition in pulsar
timing arrays and next-generation detectors (LISA, DECIGO).

In the next chapter, we move on to comparing AU with alternative approaches to
confinement—standard QCD, holographic AdS/QCD, and dual superconductor theory—
highlighting the ontological, explanatory, and predictive advantages of the information-entropy
approach.
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Chapter 10. Experimental Protocols for Testing AU
Predictions

In the previous chapters, we formulated testable predictions of the AU approach to
confinement: modifications of the exotic hadron spectrum, entropic signatures in quark-gluon
plasmas, gravitational waves from the QCD transition, and an entropic justification for the mass
gap. In this chapter, we turn to experimental protocols —specific methods, observable
guantities, and analytical procedures—by which these predictions can be tested in current and
future experiments. We focus on four main areas: exotic hadron spectroscopy (LHCb, Belle 1),
heavy-ion physics and critical-point searches (STAR, ALICE, ATLAS, CMS), glueball spectroscopy
(BESIII, GlueX), and gravitational waves from the QCD transition (PTA, LISA). For each area, we
describe the experimental setup, measurement method, expected AU signature, and statistical
testing procedure.

10.1 Spectroscopy of exotic hadrons at LHCb and Belle Il

10.1.1 LHCb experimental setup

LHCb (Large Hadron Collider beauty) is a single-arm forward spectrometer covering the
pseudorapidity region 2 < n < 5. As noted in the LHCb capabilities overview, "Thanks to its
comprehensive precision vertex detection, tracking, and particle identification capabilities
covering the forward rapidity region, the LHCb experiment is particularly well-suited for
measuring both primordial-interaction-produced and decay-produced exotic hadrons. "

Key components of the LHCb detector, important for exotic hadron spectroscopy:

e Vertex Detector (VELO): Provides precise reconstruction of heavy hadron decay vertices
with ~ 10um resolution, critical for separating primary and secondary vertices.

e Tracking system: provides measurement of the momentum of charged particles with
relative accuracy Ap/p ~ 0.5%in the pr > 1GeV range.

e Particle Identification Systems (PID): Ring-Image Cherenkov Detectors (RICH) and
calorimeters provide separation of pions, kaons and protons over a wide momentum

range.

e Trigger system: a two-level system (hardware and software triggers) ensures the
selection of rare decays of heavy hadrons with an efficiency sufficient for the study of
exotic states with small cross sections.

10.1.2 Amplitude analysis method

The main method for searching and studying exotic hadrons at LHCb is amplitude analysis, a
method that allows one to isolate resonant contributions in multiparticle final states.

Amplitude analysis protocol:
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1. Event selection: reconstruction of decays Bof mesons into final states containing heavy
hadrons (e.g. B~ = D~D°K2for searching for tetraquarks, B~ — J /{Apfor
pentaquarks).

2. Background modeling: using sPlot methods or neural network classifiers to separate
signal and background.

3. Construction of the amplitude model: inclusion of known resonances ( K*, ¢, ] /1) and
addition of new resonance terms with mass and width parameters to be determined.

4. Fitting: Maximum likelihood method for determining resonance parameters.

5. Significance: Calculate the local and global significance of a new state using the
likelihood ratio test, taking into account the look-elsewhere effect.

In 2025-2026, LHCb reported a number of new discoveries: a narrow doubly charmed
tetraquark decaying into a channel D°D%r*, new pentaquarks in the mass spectrum A DS, and
a doubly charged tetraquark in the system D3 ™. As noted in the review, "thanks to the
excellent detector performance and the unprecedented yield of heavy hadrons of all sorts, LHCb
discovered numerous new hadronic states, many of which do not fit the traditional quark model.

10.1.3 AU predictions for spectroscopy and a protocol for their verification

The AU approach predicts that exotic hadrons are natural excitations of the field Sg, and their
spectrum should exhibit certain regularities:

Prediction AU-1: Universality of the mass gap for exotic states

In the AU approach, all hadronic states (ordinary and exotic) are described by a unified entropy
formalism, where the mass is determined by the integral of the field Sg. This predicts that the
mass difference between the ground and first excited states for each type of exotic hadron
should be universal and determined by the parameters of the field Sg.

Inspection protocol:

1. Measure the masses of the ground and first excited states for tetraquarks, pentaquarks
and glueballs.

2. Calculate the mass differences AMfor each family.

3. Check whether these differences agree with a single value within the experimental
uncertainties.

4. Statistical test: y2- analysis of the hypothesis about the same AMversus the alternative
about the different AMfor different families.

Prediction AU-2: Correlation of mass with entropic size
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In the AU approach, the hadron mass is related to its size through the integral of Sgover
volume. This predicts a correlation between the mass of an exotic hadron and its root-mean-
square radius.

Inspection protocol:
1. Determine the masses of exotic hadrons from amplitude analysis.

2. Estimate dimensions from form factor measurements or from theoretical models (e.g.
Born-Oppenheimer approximation).

3. Build the dependency M (R)and check if it follows the predicted AU formula M =
a[Se d3x + B.

4. An alternative approach: using electromagnetic multipole moments as probes of the
internal geometry of exotic hadrons.

10.1.4 Future Possibilities: Belle Il and HL-LHC

Belle Il at the SuperKEKB collider in Japan, operating in e*e~a-mode, offers complementary
capabilities for exotic hadron spectroscopy. Unlike LHCb, Belle Il operates in a clean
environment without strong background from proton—proton interactions, enabling high-
precision studies of exotic states in channels unavailable at hadron colliders.

In 2025, new methods for searching for exotic states were proposed. The paper "Finding a Clean
Process B~ — K~ D°K°to Probe Absolutely Exotic Four-Quark States" (2026) proposes using a
clean process to study tetraquark states. This provides a new channel for testing AU predictions.

The HL-LHC (High-Luminosity LHC) with an expected integrated luminosity 30000f fbo  ~will
increase the statistics for studying exotic hadrons by an order of magnitude, which will make it
possible to test subtle AU predictions, including weak decay channels and rare exotic states.

10.2 Quark-gluon plasma: measurement protocols at RHIC and LHC

10.2.1 Radial flow and its fluctuations

The radial flux ( vy(pr)) is a key observable parameter characterizing the isotropic expansion of
the quark—gluon plasma. The AU approach predicts that near a critical temperature, T the field
Seloses coherence, which should manifest itself as anomalies in vy (p7).

Measurement protocol v, (pr)(ATLAS, 2025):
1. Event selection: Pb+Pb collisions at /syy = 5.02TeV.

2. Particle spectral measurements: reconstruction of charged hadrons in the range prfrom
0.5to 10GeV.

3. Extraction v,y(pr): comparison of measured spectra with hydrodynamic models to
extract radial flow parameters.
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4.

Fluctuation analysis: calculation of differential pyfluctuations vy (pr).

As shown in the ATLAS (2025) measurement, "the measurement revealed three key signatures
of collective behavior vy (pr): correlations at large pseudorapidities, factorization by py, and a
centrality-independent form." Comparison with hydrodynamic models shows that " v, (py)it is
highly sensitive to the bulk viscosity of the QGP. "

AU verification protocol:

1.

2.

3.

4.

Measure v, (p7)in a wide range of collision energies (from /syy = 7.7GeV to 5.02TeV).

Look for anomalies in behavior vy (pr)in the energy region correspondingto T ~
T.(energy ~ 10— 20GeV).

Compare with the AU prediction, where the anomalies are due to field fluctuations Sg.

Statistical test: sensitivity analysis v, (py)to field parameters Sgusing Bayesian modeling.

10.2.2 Dileptonic production as a probe of entropic transition

Dileptons (pairs eTe~or u* ™) are penetrating probes of the QGP, as they are not subject to

strong final interactions and carry information from all stages of the fireball's evolution. As
noted in the 2026 paper, "dileptons offer an additional and penetrating probe of the strongly
interacting medium created in heavy-ion collisions, since they are created via virtual photons

throughout the medium's evolution. "

Dilepton Measurement Protocol (ALICE, CMS):

1.

2.

Event selection: high energy Pb+Pb collisions.

Dilepton reconstruction: identification of high-energy electrons or muons prand
reconstruction of the invariant mass of the pair.

Background subtraction: subtraction of combinatorial background and background from
hadron decays (e.g. J /Y = u*u~).

Spectral analysis: measurement of the differential yield of dilepton by invariant mass

Mj and transverse momentum p¥.

AU verification protocol:

1.

Measure dilepton spectra in the region of low invariant masses ( M;; < 1GeV), where AU
signatures from the disappearance of the field are expected Sg.

Look for anomalies in the spectra corresponding to changes in the entropic structure of
the QGP.

Compare with the AU model predictions for dilepton production near T,.
Check the correlation of dilepton anomalies with changes v, (pr)in the same energy

range.
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10.2.3 Femtoscopy of exotic hadrons as a thermometer of the QGP

The 2026 paper "Accessing Exotic Hadronic States via Charmed-Meson Femtoscopy in
Relativistic Heavy-lon Collisions" proposes using charm meson femtoscopy to study exotic states
in the QGP. As noted, "exotic hadrons such as [are Y (4500)] particularly sensitive to
environmental effects, making them valuable probes of QGP properties. "

Femtoscopy protocol:
1. Measuring correlation functions for pairs of charmed mesons.
2. Extraction of source radius and interaction parameters.
3. Search for signatures of exotic states in correlation functions.
4. Comparison with predictions for different temperatures.

AU verification protocol:

1. Measure the dependence of the parameters of exotic states on the temperature of the
QGP.

2. Test the AU prediction that exotic states "melt" at temperatures determined by the
critical value of the field Sg.

3. Use exotic hadrons as "thermometers for the environment created in heavy-ion
collisions, offering insight into temperature evolution and helping to identify the precise
conditions of deconfinement. "

10.3 Searching for the Critical Point: The STAR Protocol and Future

Experiments

10.3.1 Fluctuations of conserved charges as a probe of the critical point

The primary method for searching for the critical end point (CEP) in the QCD phase diagram is to
measure fluctuations in conserved charges —baryon number, electric charge, and strangeness.
Near the critical point, fluctuations should exhibit anomalous behavior related to the divergence

of the correlation length.
STAR Beam Energy Scan (BES) Protocol:
1. Energy scanning: Au+Au collisions in the energy range v/syy = 7.7—200GeV.

2. Measurement of cumulants: calculation of the cumulants of the net-proton distribution
up to the fourth order ( C;, C5, C3, Cy).

3. Normalization: Calculating cumulant ratios (e.g., C,/C,, ka?) to suppress systematic

effects.
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4. Search for non-monotonic behavior: Identify the energy at which the cumulant ratio
exhibits a minimum or maximum.

In 2025, the STAR collaboration published a new, high-precision analysis of BES Phase Il data. It
noted that "the new results strengthen STAR's confidence in earlier, tantalizing indications of a
critical point." However, the scientists "are not ready to announce a discovery until another
piece of the key signature emerges—possibly in as-yet-unanalyzed STAR data. "

10.3.2 AU Critical Point Search Protocol

In the AU approach, the critical point corresponds to the intersection of surfaces where the
entropic confinement condition [ | VSg 1% d3x = S,:and the thermodynamic equilibrium
condition are satisfied simultaneously. This yields specific predictions for the behavior of
fluctuations.

AU protocol:

1. Measure net-proton cumulants with unprecedented precision in BES-Il and future scans
(BES-III).

2. Look not only for non-monotonic behavior, but also for a specific form of energy
dependence of cumulants predicted by the AU model (e.g., asymmetry around the
critical point associated with the field Sg).

3. Use factorial cumulants, which recent work has shown "to provide unprecedented
precision and insight into the properties of strongly interacting matter. "

4. Combine net-proton measurements with strangeness and charge measurements to test
the universality of AU predictions.

5. Compare with AU predictions for the critical point location: in the purely baryon
(T., ptp,c) = (114,602)MeV direction.

10.3.3 Future Experiments: sPHENIX, ALICE 3, CBM

Future experiments at RHIC (sPHENIX) and LHC (ALICE 3) will provide new opportunities to
search for the critical point:

e sPHENIX on RHIC will provide measurements in the intermediate energy region with
improved accuracy.

e ALICE 3 at the LHC will allow fluctuations to be measured with unprecedented statistics.

e The CBM (Compressed Baryonic Matter) at FAIR in Darmstadt will explore the region of
high baryon densities.

In the AU approach, these experiments will allow us to test predictions for the entire phase
diagram, not just for the critical point.
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10.4 Glueball Spectroscopy: BESIII and GlueX Protocol

10.4.1 BESIII Experimental Setup

BESIII (Beijing Spectrometer lll) at the BEPCII collider in China is the leading experiment studying
charmonium decays and searching for glueballs. In 2026, the BESIII collaboration reported "the
most compelling evidence to date for the existence of a glueball. "

Key components of BESIII for glueball spectroscopy:

e Detector: A full solid angle cylindrical spectrometer incorporating a drift chamber, a time
projection chamber, an electromagnetic calorimeter and a muon system.

o Operating mode: e*e™- collisions at energies J /Yand Y (2S)resonances, providing a

clean environment without strong background.

e Particle identification: PID system based on time-of-flight and Cherenkov detectors.

10.4.2 Method for searching for glueballs in charmonium decays

The main method for searching for glueballs in BESIII is the study of charmonium decays
(J/Y =y +X,¥P(2S) - y + X), where glueballs can be produced in radiative transitions.

Glueball search protocol:

1. Event selection: reconstruction of radiative decays / /Y — yX, where Xis the hadron

system.

2. Mass analysis: construction of invariant masses of hadronic systems to search for

resonance structures.
3. Spin-parity analysis: determination of quantum numbers J”¢of glueball candidates.

4. Comparison with lattice QCD predictions: testing the consistency of mass and width
with predictions for the GeV scalar glueball m(0**) ~ 1.7.

In 2026, BESIII provided compelling evidence for the existence of a glueball X(2370). It was
noted that "this is the clearest experimental result in the search for glueballs in the last five
decades. "

10.4.3 AU Glueball Spectroscopy Verification Protocol

In the AU approach, glueballs are purely entropic structures —closed field configurations
Sewithout quark sources. The glueball mass is determined by the integral of Sgover the glueball

volume.

AU protocol:

1. Measure the masses of all glueball states available in BESIII (scalar 0*™, tensor 2+, and

others).
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2. Check if the glueball masses follow the predicted AU formula M epa = @y [Se d3x +
Bg-

3. Use scalar glueball and charmonium mixing measurements performed with improved
operators to test AU predictions about the interaction of entropy and quark modes.

4. Compare with the predictions of the entropy framework for the Yang—Mills mass gap:
A = 1.983 + 0.026(in lattice units), Vo = 440 + 5MeV, m(0*+) = 1.73 + 0.05GeV.

5. Statistical test: y2- analysis of the correspondence of AU predictions for all glueball
spectroscopy.

10.4.4 Future Experiments: GlueX and JLab

GlueX experiment at Jefferson Lab (JLab) uses photon-proton collisions to search for glueballs
and hybrid mesons. Unlike BESIII, GlueX can probe a wider range of masses and quantum
numbers, complementary to BESIII.

GlueX Protocol:
1. Photon beams with energies up to 12GeV on a proton target.
2. Full-coverage reconstruction of hadronic final states.
3. Search for exotic states with quantum numbers inaccessible to gg-mesons.

In the AU approach, GlueX will provide the ability to test predictions for hybrid states ( qgqg),
where gluon excitation creates additional structure in the field Sg.

10.5 Gravitational waves from the QCD transition: PTA and LISA protocols

10.5.1 Theoretical basis

In the AU approach, the confinement-deconfinement phase transition in the early Universe can
be a first-order transition, accompanied by the generation of gravitational waves. As shown in a
2025 paper, "plasma sound waves produced by this dilaton-induced first-order QCD phase
transition generate a stochastic gravitational-wave signal strikingly similar to the recently
discovered gravitational-wave background from pulsar timing arrays. "

10.5.2 Detection protocol in pulsar timing arrays (PTA)

The Pulsar Timing Arrays (PTA)—NANOGRAV, EPTA, PPTA, and IPTA—measure the arrival times
of pulses from millisecond pulsars to search for the stochastic gravitational wave background in
the nanohertz range.

PTA Protocol:

1. Observations: monitoring ~ 500f 100millisecond pulsars with a periodicity of ~ 2weeks
4over a period 100of 20years.
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2. Timing Residual Measurement: Calculating the difference between measured and
predicted pulse arrival times.

3. Correlation search: analysis of the Hellings—Downs cross-correlation function between
pairs of pulsars, characteristic of the stochastic gravitational wave background.

4. Spectral analysis: measurement of the spectral background index.

AU protocol:

1. Measure the spectrum of gravitational waves in the nanohertz range with maximum
accuracy.

2. Look for characteristic features of the spectrum predicted by the AU model for the QCD
transition (e.g. a break in the spectrum corresponding to the scale T,).

3. Compare with alternative sources (supermassive black hole binaries, cosmic strings).

4. Statistical test: Bayesian comparison of models to determine the likelihood of an AU

scenario.

10.5.3 Future Experiments: LISA, DECIGO, Einstein Telescope

Next-generation space-based gravitational wave detectors— LISA (ESA/NASA, launch ~2035),

DECIGO (Japan), and the Einstein Telescope (ground-based, Europe)—will provide
unprecedented sensitivity in the millihertz and hertz ranges.

Protocol for LISA:

1.

4.

Observations: three spacecraft in a triangular configuration with arms 2.50f millions of

km.

Measurements: interferometric measurement of changes in distances between test
masses with an accuracy of pm.

Stochastic background search: cross-correlation analysis between channels to extract
the stochastic signal.

Spectral analysis: measurement of the spectrum in the range 10™*= 10"1Hz.

AU protocol for LISA:

1.

2.

Measure the stochastic gravitational wave background in the LISA range.

Search for a signature from a QCD transition with a characteristic frequency
corresponding to the Aqcp ~ 200MeV scale.

Check whether the shape of the spectrum is consistent with the predictions of the AU
model for first-order transitions.

Combine with PTA data to check signal consistency across different frequencies.
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10.6 Summary table of experimental protocols
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10.7 Summary

In this chapter, we presented experimental protocols for testing AU predictions in four main
directions:

1. Exotic hadron spectroscopy at LHCb and Belle Il: amplitude analysis for tetraquark,
pentaquark, and glueball searches, testing AU predictions for the universal mass gap and
mass-size correlation.

2. Heavy-ion physics at RHIC and LHC: measuring the radial flux and its fluctuations
( vo(pr)), dilepton production as a probe of the entropy transition, femtoscopy of exotic
hadrons as a QGP thermometer.

3. Search for the critical point in STAR BES-II/IIl: measurement of net-proton cumulants,
search for a specific AU form of energy dependence, use of factorial cumulants to
improve accuracy.

4. Gravitational waves from the QCD transition in PTA and LISA: searching for a stochastic
background with characteristic features predicted by the AU model for a first-order
transition.

Each protocol includes a description of the experimental setup, the measurement method, the
expected AU signature, and the statistical verification procedure. Together, these protocols form
a comprehensive program for testing the AU approach to confinement, covering scales from
fractions of a femtometer (the internal structure of hadrons) to megaparsecs (gravitational
waves from the QCD transition). Successful confirmation of the AU predictions in several
independent directions would be a decisive argument in favor of the information-entropic
nature of confinement, while a contradiction in even one of them would require modification or
rejection of the hypothesis.

Part VI. Comparison with Alternative Approaches

Chapter 11. AU vs. Standard QCD

In the previous chapters, we presented the full formalism of the AU approach to confinement:
the thought-form entropy field Sgas a fundamental entity, the modified Yang—Mills action with
entropy terms, the nonlocal core K (x, y)forming a string, the entropy condition for
confinement, and hadrons as stable closed structures. In this chapter, we systematically
compare the AU approach with standard quantum chromodynamics (QCD), the established
theory of strong interactions. The comparison is made along three key dimensions: ontological
foundations, explanatory power, and predictive power. We show that, although AU does not
reject the mathematical apparatus of QCD but embeds it in a deeper information-entropy
framework, it offers fundamentally different answers to fundamental questions about the
nature of color charge, confinement, and hadronic structure.
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11.1 Ontological differences

11.1.1 Color charge and gauge symmetry status

In standard QCD, color charge is a fundamental property of quarks and gluons. The gauge group
SU(3)is postulated as an internal symmetry of nature, and confinement arises as a dynamical
consequence of the nonperturbative evolution of this theory, but its mechanism is not deduced
analytically. As noted in the 2025 review, "understanding confinement mechanisms remains one
of the most persistent challenges in quantum field theory," and "direct analytical progress in
four-dimensional Yang—Miills theory and quantum chromodynamics has proven extremely
difficult because these theories resist standard perturbative methods. "

In the AU approach, color charge is not fundamental, but rather represents a coherent
topological configuration of the thought-form entropy field Sg—analogous to a vortex in non-
Abelian gauge theory. The gauge group SU(3)emerges as an effective description of various
types of topological defects in this field. This radically changes the ontological status of color
charge: it ceases to be a primary entity and becomes an emergent property of the informational
structure of the thought-form archive.

While standard QCD leaves open the question of why nature chose this particular group
SU(3)and this particular structure of color charges, AU offers an answer: this structure is a
consequence of topological constraints imposed by the finite information capacity of the
Universe, determined by the holographic limit Sy,,.

11.1.2 Confinement status: dynamic property vs. entropic constraint

In standard QCD, confinement is a nonperturbative dynamical property of the theory. As
emphasized in the 2025 review, "confinement is undoubtedly one of the most intriguing
properties of strongly interacting matter," and "understanding the mechanisms that explain this
observed fact is one of the main goals of modern particle physics." Confinement and dynamical
chiral symmetry breaking are "two emergent nonperturbative phenomena of quantum
chromodynamics responsible for the nature of hadronic spectra. "

The standard approach describes confinement using the area law for Wilson loops: W (C) ~
e~ %4, where gis the string tension. However, this description remains phenomenological —it
states a fact but does not explain its origin. As noted in the review, "we lack the ability to
analytically calculate even simple aspects of confinement, let alone have a framework for a
definitive proof of confinement. "

In the AU approach, confinement is interpreted as a consequence of the fundamental
information-entropy limitation:

f |VSG) |2 d3x < Scrit'
06bEM
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where S,:is the critical entropy associated with the hadron's surface area. This limitation is a
direct consequence of the holographic limit S}, Which, in turn, follows from the finite
information capacity of the thought-form archive.

The key ontological difference is that in standard QCD, confinement is an emergent property of
the field dynamics; in AU, confinement is a fundamental constraint imposed by the very
structure of information reality.

11.1.3 Status of space-time

In standard QCD, spacetime acts as a passive background against which quantum
chromodynamic processes play out. The Minkowski metric (or the Euclidean metric in lattice
calculations) is postulated as a given, not participating in the dynamics of strong interactions.
This leads to a fundamental discrepancy between QCD and general relativity: in general
relativity, spacetime is dynamic; in QCD, it is static.

In the AU approach, space-time is not fundamental, but emerges from the field Sgthrough an
emergent metric:

uw =N + B apLSG)avSG) +

This means that the strong interactions and gravity are unified at the level of the field's
information dynamics Sg. Confinement is thus not only a property of QCD but also a geometric
property of emergent spacetime. As shown in Tuati (2025), "the results obtained allow us to
interpret quark confinement as a geometric property of spacetime, arising naturally from its
structure without introducing any confinement potential. "

In the AU approach, this geometric structure itself emerges from the field Sg, which makes the
interpretation of confinement as a geometric property even deeper.

11.2 Explanatory power

Phenomenon Standard QCD AU approach

Consequence of the finite

The origin of A nonperturbative property that ) ) )
. ] ] information capacity of the AU-
confinement has no analytical explanation )
field ( Sholo)
Linear . . .
. Phenomenological (lattice data, Derived from nonlocal

potential/(R) = . .

R string models) dynamicsSg
o
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Phenomenon Standard QCD AU approach

) ) Empirical parameter (o = Derived from parameters
String tensiono )
(440 M3B)?) SeandK (x,y)
Yang—Mills mass One of the seven Millennium Consequence of discreteness of
gap Prize problems; no proof configurationsSg
The problem of ) ) ) ) Natural solution throughf.¢ =
Requires axion or fine tuning
strong CP Oy + 1D Se

Phenomenological models

Exotic hadrons (molecules, compact Natural field excitationsSg
tetraquarks)
Connection with Unified field Sg(emergent
. Absent .
gravity metric)
Connection with Through the field ®and thought
. Absent
consciousness forms

As shown in the table, AU offers explanations where standard QCD provides only descriptions.
The linear potential is no longer an empirical fact, but becomes a consequence of nonlocal
dynamics Sg. The Yang—Mills mass gap, one of the seven "millennium problems," receives an
entropic justification. The strong CP problem is solved without introducing the axion.

11.2.1 Explanation of the origin of confinement

Standard QCD does not provide an analytical explanation for confinement. As noted in a 2025
paper, "understanding quark confinement from the governing equations of quantum
chromodynamics remains a problem under active investigation." Lattice simulations confirm the
existence of confinement but do not explain its mechanism. Holographic models offer intuitive
pictures but remain phenomenological.

In the AU approach, confinement receives a clear explanation: an isolated color charge creates
a divergent field gradient Sg, which is impossible given the finite information capacity of the AU
field, limited by S},,o- This explanation is analytical and deducible from fundamental principles,
rather than postulated.
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11.2.2 Explanation of exotic hadrons

In standard QCD, exotic hadrons (tetraquarks, pentaquarks, glueballs) are described using
phenomenological models that often compete with each other (molecular vs. compact
tetraquarks). As noted in the experimental review, "the existence of exotic hadrons such as
tetraquarks, pentaquarks, and hybrid states lies beyond the scope of the traditional quark
model. "

In the AU approach, exotic hadrons are natural field Sgexcitations at higher entropy densities.
They do not require special models; they arise as more complex topological configurations of
the same field that describes ordinary hadrons. This provides a unified description of all
hadronic states.

11.2.3 Unification with gravity and cosmology

One of the most significant advantages of the AU approach is its ability to unify the strong
interactions with gravity and cosmology. In standard physics, QCD and general relativity remain
incompatible; gravitational effects at the hadron scale are negligible and are ignored.

In the AU approach, the field Sgis a unified information field whose dynamics at different scales
generate both strong interactions (via the modified Yang—Mills action) and gravity (via the
emergent metric). Confinement is thus linked to cosmological evolution and dark energy
through a unified information principle.

11.3 Predictive power

Prediction Standard QCD AU approach
Spectrum of exotic Qualitative predictions Quantitative predictions using the
hadrons (model-dependent) mass formulaM = « [ Sg d3x + B

Lattice Calculations: ~

Glueball mass0** Prediction: 1.73 + 0.05GeV
1.7GeV

String tension Empirical parameter Output: Vo = 440 + 5MeV

KGP signatures Hydrodynamic models Entropy jump + fluctuationsSg

Gravitational waves

. Strong signal from bubble
from the QCD Weak signal (crossover)

. detonationSg
transition
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Prediction Standard QCD AU approach

Connection with o ]
. Absent Predictions through the field®
consciousness

11.3.1 Quantitative predictions for the hadron spectrum

Standard QCD makes qualitative predictions for the hadron spectrum (for example, the
existence of certain quantum numbers), but quantitative predictions require expensive lattice
calculations or phenomenological models. In the AU approach, hadron masses are calculated
using the integral of the field Sg:

Mhadron = af SG) d®x + ﬁ
afpoH

This formula yields quantitative predictions that can be tested experimentally. A 2025 paper on
the entropy framework for the Yang—Mills mass gap yielded a scalar glueball mass m(0**) =
1.73 + 0.050f GeV and a string tension Vo = 440 + 5of MeV, which agree with lattice data and
represent a testable prediction of the AU approach.

11.3.2 Predictions for quark-gluon plasma

Standard QCD describes quark—gluon plasma using hydrodynamic models fitted to lattice data.
The AU approach predicts specific entropy signatures in QGP: an entropy jump upon
deconfinement, anomalies in the radial flow ( v4(pr)), and dilepton spectra. These predictions
can be tested in experiments at RHIC and LHC (Chapter 10).

A 2026 paper published in Physical Review C showed that "dileptons offer a complementary and
penetrating probe of the strongly interacting environment created in heavy-ion collisions." The
AU approach predicts that dilepton spectra should exhibit anomalies in the low-invariant mass
region ( M;; < 1GeV), consistent with the vanishing of the field Sg.

11.3.3 Predictions for the cosmology of the early Universe

Standard QCD predicts that the confinement—deconfinement phase transition in the early
Universe was a crossover (at zero baryon density), producing a weak gravitational wave signal.
The AU approach predicts that this transition may be first-order, accompanied by the
generation of strong gravitational waves.

As shown in the 2025 paper, "the plasma sound waves produced by this dilaton-induced first-
order QCD phase transition generate a stochastic gravitational-wave signal strikingly similar to
the recently discovered gravitational-wave background from pulsar timing arrays." This provides
a directly testable prediction that distinguishes the AU approach from standard QCD.
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11.3.4 The Strong CP Problem and the Axion

In standard QCD, the strong CP problem ( 8 < 10719) requires either fine-tuning or the
introduction of an axion—a hypothetical particle that dynamically relaxes 8to zero. Despite
decades of searching, the axion has not been discovered.

In the AU approach, 8the parameter is not a fundamental constant, but arises as an effective
quantity that depends on the field Sgand the field of consciousness ®:

B = 0y + 1D Se.

The field dynamics Sgnaturally tend to minimize 8.4, providing a natural solution to the strong
CP problem without introducing an axion. This prediction can be verified in experiments
searching for the neutron's electric dipole moment: if 8.4it indeed dynamically relaxes to zero,
then the neutron's EDM should be lower than the predictions of axion models.

11.4 Comparison table

Criterion Standard QCD AU approach
Topological
Color Charge Status Fundamental property i )
configurationSg
. Dynamic property (non- Entropy constraint
Confinement status ]
perturbative) ( Sholo)
The status of space-time Passive background Emergent fromSg
Origin of the calibration . Arises from
It is postulated ( SU(3))
group topologySe
Explanation of linear Phenomenological (lattice, Derived from
potential strings) K(x,y)andSg

. ) ) Consequence of
Explanation of the mass gap Not proven (millennium problem) .
discretenessSg

Solving the Strong CP
& & Requires axion or fine tuning Natural through8.
Problem
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Criterion Standard QCD AU approach

Connection with gravity Absent Unified fieldSg

Connection with

. Absent Across the field®
consciousness
L. Quantitative (lattice), qualitative Quantitative
Predictive power )
(models) (analytical)
Falsifiability Limited High

11.5 Summary

Comparison of AU with standard QCD reveals both common features and fundamental
differences:

1.

General formalism: AU does not reject the mathematical apparatus of QCD, but rather
integrates it into a deeper information-entropy framework. The modified Yang—Mills
action restores the standard action in the limit A = Oand £ = 0.

Ontological difference: standard QCD postulates color charge, gauge group, and
spacetime as fundamental entities; AU derives them from the field Sgand its topological
configurations. Confinement in standard QCD is a dynamical property without analytical
explanation; in AU, it is a consequence of the fundamental entropic constraint.

Explanatory power: Standard QCD describes how the strong interaction works; AU
explains why it works this way—through information optimization, entropy balance, and
holographic confinement. AU explains the strong CP problem, the Yang—Mills mass gap,
and the origin of exotic hadrons without introducing new particles or fine-tuning.

Predictive power: AU offers additional testable predictions (entropic signatures in QGP,
gravitational waves from the QCD transition, entropic justification for the mass gap) that
distinguish it from standard QCD and make it a falsifiable hypothesis.

Unity of Physics: While standard QCD and GR remain incompatible, AU offers a unified
ontological basis for strong interactions, gravity, and field-based cosmology Sg.

Thus, AU is not a simple alternative to QCD. It represents a fundamentally different ontological

paradigm, in which quantum chromodynamics emerges as an effective description of the

information field dynamics Sgon nuclear scales. This allows us to resolve the conceptual
problems of standard QCD—the lack of an analytical explanation for confinement, the strong CP
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problem, and the Yang—Mills mass gap—and simultaneously provides new testable predictions,
opening the way to empirical verification of the information-entropy paradigm.

Chapter 12. AU vs. Holographic Approach (AdS/CFT)

Among all theoretical approaches to confinement, the holographic approach based on the
AdS/CFT correspondence occupies a unique position. Proposed by Juan Maldacena in 1997, it
established a fundamental duality between the theory of gravity in anti-de Sitter (AdS) space
and a gravity-free quantum field theory on its boundary. As noted in a recent review, "one of the
most important applications of the AdS/CFT correspondence is holographic AdS/QCD models." In
these models, "confinement is understood as a localization process where non-normalizable
bulk modes become normalizable by adding an energy scale. "

Like the Acta Universi (AU) hypothesis, AdS/CFT is based on emergence —spacetime in the bulk
emerges from quantum information degrees of freedom at the boundary. However, despite
superficial similarities, the approaches diverge on fundamental questions: the ontological
status of duality, the origin of confinement, predictive power, and the relationship to
observable data. In this chapter, we systematically compare the two approaches, showing that
AU offers an ontological generalization and deepening of the holographic principle while
simultaneously addressing some of its most serious epistemic problems.

12.1 General principles: emergence and the holographic principle

12.1.1 AdS/CFT: Duality between Gravity and Gauge Theory

The AdS/CFT correspondence establishes a duality between quantum gravity in (d + 1)the -
dimensional anti-de Sitter space and conformal field theory (CFT) on its d-dimensional
boundary. As formulated in the papers on holographic QCD, "the AdS/CFT duality establishes a
correspondence between conformal field theory in four-dimensional Minkowski spacetime and
string theory in five-dimensional anti-de Sitter space. "

In guantum chromodynamics (QCD), this correspondence is used to model the nonperturbative
properties of strong interactions. Holographic AdS/QCD models "describe key features of QCD,
such as confinement," as well as quark—gluon plasma and hadronic spectra.

Key elements of the AdS/QCD approach:
e Hard-wall model: confinement arises due to the truncation of AdS space at some radius.
e Soft-wall model: confinement is modeled using a smooth dilaton field profile.

e Hawking—Page transition: a phase transition between a geometry with a black hole
(deconfinement) and one without it (confinement).
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12.1.2 AU: Direct generation of space-time from a fieldSg

The AU approach also relies on emergence and the holographic principle, but the
implementation mechanism is fundamentally different. Instead of a duality between gravity in
AdS and quantum field theory at the boundary, AU postulates a thought-form entropy field Sg,
the gradients of which directly generate a metric:

uw =M + B auSG)avSG + -

In this formalism, the holographic principle is an intrinsic property of the informational
structure of the thought-form archive, rather than postulated through duality. As noted in the
AU analysis, "this is analogous to the holographic principle (AdS/CFT), where gravity is the
projection of quantum information onto the boundary." However, in AU, "the AU-log acts as a
CFT at the boundary," meaning that the thought-form archive itself plays the role of the
boundary theory, and the field plays Sgthe role of volumetric geometry.

This is a fundamental difference: AdS/CFT requires the existence of a specific geometry (anti-de
Sitter space) as a backdrop for the duality; AU requires the existence of an information field
Sefrom which the geometry emerges. In this sense, AU is a more fundamental theory: it
explains why AdS geometry exists at all, whereas AdS/CFT postulates it as a given.

12.1.3 Comparison of ontological foundations

Criterion AdS/CFT (AdS/QCD) AU
AdS + CFT space at the
Fundamental essence P Field Sg(information substance)
boundary
. Postulated (Maldacena, Derived from the archive's
Status of duality ] )
1997) information structure
The status of space- Fundamentally in
. Emergent fromSg
time Volume (AdS)
The origin of AdS Geometry + Ent traint ( S, )
ntropy constrain
confinement Boundary Conditions Py holo
Quantum information at
The role of information Primary substance ( Sg)

the border

As shown in the table, AdS/CFT and AU disagree on a fundamental question: is AdS spacetime
fundamental or emergent? AdS/CFT asserts that AdS spacetime is fundamental (though dual to
CFT). AU asserts that the field is fundamental Sg, and spacetime is an emergent property of it.
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This difference has far-reaching consequences for the explanatory power and testability of both
theories.

12.2 Confinement Mechanism: Geometry vs. Entropy

12.2.1 AdS/QCD: Confinement via Geometry and Boundary Conditions

In the holographic approach, confinement is modeled through the geometry of AdS space and
the boundary conditions on its boundary.

In the hard-wall model, confinement arises due to a truncation of AdS space at a certain radius
Z,. This truncation creates a discrete spectrum of hadronic states and a linear potential
between quarks. As shown in a 2025 paper, "spatial truncation leads to the so-called hard-wall
and soft-wall models. "

In the soft-wall model, confinement is modeled using a smooth dilaton field profile, which
breaks conformal invariance and introduces an energy scale. As noted in the HLFQCD review,
"this mechanism uniquely determines the confinement interaction and, hence, the dilaton profile
that breaks conformality in the AdS action. "

In holographic models, “confinement is understood as a localization process where non-
normalizable bulk modes become normalizable by adding an energy scale." The phase transition
between confinement and deconfinement is described as a Hawking—Page transition between
a geometry with a black hole (deconfinement) and one without it (confinement).

However, the holographic approach does not explain why AdS space has precisely this
geometry and why confinement occurs at precisely this cutoff. The geometry and boundary
conditions are postulated rather than derived from more fundamental principles.

12.2.2 AU: Confinement via Entropy Limitation

In the AU approach, confinement is a direct consequence of the entropy condition:

j |VSe 1% d3x < S,
06bEM

where Sis the critical entropy associated with the hadron's surface area. This condition
follows from the holographic limit. S,,,,, which, in turn, is a consequence of the finite
information capacity of the archive of thought forms.

Unlike AdS/QCD, where confinement is modeled through geometric parameters (cutoff radius,
dilaton profile), in AU confinement is an entropic phenomenon - it arises from a fundamental
limitation on the information capacity of space.

This means that all geometric parameters of AdS/QCD (cutoff radius z,, dilaton profile, string
tension o) are derived from the entropy structure of the field Sg, rather than being introduced
as free parameters.
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12.2.3 Origin of characteristic scales

Scale AdS/QCD AU
. . Free parameter Derived from

Cutting radiusz,

(hard-wall) SeritandShoio
. . . Free function (soft- It is removed from the

Dilatonic profile i

wall) profile.Sg ()
. . Calculated from ) \nabla

String tensiono Derived from S n2S
AdS geometry S_{\Theta}

Confinement Entered as a

Derived fromR, =
scaleAqcp parameter e =1

In AdS/QCD, characteristic scales are introduced as model parameters and then fitted to the
data. In AU, all characteristic scales are derived from the fundamental parameters of the field
Se- This makes AU a fundamentally deeper theory, capable of not only describing but also
explaining observed scales.

12.3 Confinement—deconfinement phase transition

12.3.1 AdS/QCD: Hawking—Page transition

In the holographic approach, the phase transition between confinement and deconfinement
phases is described as a Hawking—Page transition between two geometries: thermal AdS
(confinement) and a black hole in AdS (deconfinement).

A 2025 paper explores the "coupling of rotation and finite chemical potential in the
confinement/deconfinement transition of strongly interacting matter." It shows that "there is a
critical angular velocity ( wq) of hadronic matter that depends on the baryon density,
representing a strong constraint on rotation in hadronic matter." If w = w,, "there is no phase
transition, and QCD matter remains in the deconfined plasma phase. "

A 2026 paper published in Physical Review D showed that "introducing an energy scale in AdS
space leads to a change in the topological class," which corresponds to "the existence of
confined and deconfined phases separated by a Hawking—Page transition at a finite critical
temperature. "

However, the holographic description of the phase transition remains phenomenological: it
describes how the transition occurs, but does not explain why it occurs at a particular
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temperature. The critical temperature T.and other transition parameters are determined by the
AdS geometry, which itself is postulated.

12.3.2 AU: Entropic transition as disappearanceSg

In the AU approach, the confinement—deconfinement phase transition is interpreted as the
disappearance of the field Squpon reaching a critical temperature. When T > T,the field
Seloses coherence, the entropy condition for confinement [ | VSg |2 d3x < S.is no longer
satisfied.

The critical temperature is derived from the entropy condition:

where Ais the coupling constant relating entropy to temperature. This yields an analytical
expression for T,, which can be verified experimentally.

Unlike AdS/QCD, where the phase transition is described geometrically (the Hawking—Page
transition), in AU the phase transition is entropic —it occurs when thermal fluctuations destroy
the coherence of the field Sg.

12.3.3 Predictions for gravitational waves

In 2026, papers were published on the generation of gravitational waves from a first-order QCD
phase transition in holographic models. It was shown that "plasma sound waves produced by
this dilaton-induced first-order QCD phase transition generate a stochastic gravitational wave
signal. "

In the AU approach, a similar signal arises from field fluctuations Sgduring the transition from
the decoherent to the coherent phase. However, unlike AdS/QCD, where the signal is
determined by the AdS geometry, in the AU, the signal is determined by entropic dynamics —
fluctuations Sgthat g,,, = 1, + B 9,500, S + ---generate gravitational waves through the

emergent metric.

This gives distinct predictions for the gravitational wave spectrum: in the AU approach, the
spectrum should have characteristic features related to the entropic structure Sgthat
distinguish it from holographic predictions.
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12.4 Explanatory Power and Predictive Power

12.4.1 Comparison of explanatory power

Phenomenon

The origin of
confinement

Linear potentialV (R) =
oR

Mass gap

The origin of AdS
geometry

Connection with
cosmology

Connection with
consciousness

AdS/QCD

AdS geometry + boundary
conditions (postulated)

Calculated from AdS geometry

Related to the cutting radiusz,

It is postulated

Limited (AdS/CFT)

Absent

AU

Entropy constraint ( Syo10)

Derived from nonlocal
dynamicsSg

Consequence of
discreteness of
configurationsSg

Emergent fromSg

Full (single field Sg)

Across the field®

As shown in the table, AU offers explanations where AdS/QCD provides only descriptions. The

origin of AdS geometry, which is postulated in AdS/QCD, is derived from the field dynamics in

AU Sg. The mass gap, which in AdS/QCD is related to the cutoff radius, is a consequence of the

discreteness of the configurations in AU Sg.

12.4.2 Comparison of predictive power

Prediction

Hadron spectrum

AdS/QCD

Quantitative
predictions (model
dependent)

AU

Quantitative
predictions
throughM =
a[Se d3x + B



Prediction AdS/QCD AU

. . Calculated from ) \nabla
String tensiono Derived from S n2S
AdS geometry S_{\Theta}
Critical Calculated from )
Derived fromS,;;
temperatureT, AdS geometry

Gravitational waves

Predicted Predicted (entropic,
from the QCD ] ) ]
. (geometric) with differences)
transition
Connection with o . .
Limited Full (single field)

cosmology

AdS/QCD makes quantitative predictions for hadronic spectra and thermodynamic quantities,
but these predictions depend on the choice of model (hard-wall or soft-wall) and its
parameters. AU makes universal predictions independent of the choice of model, since all
parameters are derived from the fundamental field constants Sg.

12.4.3 The problem of calibration and phenomenology

One of the most serious problems with AdS/QCD is its phenomenological nature. As noted in
the review, "holographic QCD models provide a spectrum of heavy vector meson masses and
electromagnetic decay constants through bulk calculations." However, these models are not
derived from first principles of QCD; they are calibrated against data and then used to make
predictions.

The AU approach does not have this problem. Since the field Sgis the fundamental entity from
which both geometry and gauge fields emerge, all predictions are derived from a single
principle—dynamics Sgand the holographic limit ;... This makes the AU a less
phenomenological and more fundamental approach.

12.5 Connection with cosmology

12.5.1 AdS/CFT and cosmology

The AdS/CFT correspondence was originally developed for anti-de Sitter space, which has a
negative cosmological constant. Applying AdS/CFT to our Universe, which is (approximately) de
Sitter space with a positive cosmological constant, faces serious difficulties. Although
generalizations to dS/CFT exist, they remain less developed.
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In the context of confinement, AdS/QCD provides predictions for the phase transition in the
early Universe, but these predictions are limited by the AdS geometry and do not provide a
complete cosmological picture.

12.5.2 AU: A Unified Cosmological Picture

Unlike AdS/CFT, AU offers a complete cosmological picture linking confinement to the origin of
the Universe:

« Inflation arises from the plateau potential V (Sg)and the gradient term X(t) = ((VSg)?).
o Dark energy is interpreted as the information density of the archive.

o Dark matter is interpreted as soliton field configurations Sg.

e Time (1) is born from the act of recording the primary thought form.

e Confinement arises from entropic limitation S,g,.

Thus, AU offers not just an alternative to AdS/QCD for describing confinement, but a new
ontological paradigm in which confinement, gravity, dark energy, and the origin of time receive
an interconnected explanation from a single information principle.

12.5.3 The holographic principle as a special case of AU

It's important to note that AU doesn't reject the holographic principle, but rather generalizes it.
In AU, the holographic principle is not an external postulate, but an internal property of the
information structure of the thought-form archive.

As shown in the AU analysis, "the AU-log acts as a CFT on the boundary." This means that the
AdS/CFT correspondence can be understood as a special case of a more general informational
duality between the archive of thoughtforms (the boundary) and emergent spacetime (the
volume). In this sense, the AU is a natural generalization and deepening of the holographic
principle, explaining why the AdS/CFT duality exists at all.

12.6 Comparison table

Criterion AdS/CFT (AdS/QCD) AU
AdS + CFT space at the ] ] ]
Fundamental essence Field Sg(information substance)
boundary

. . Derived from the information
Status of duality It is postulated
structure
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Criterion AdS/CFT (AdS/QCD) AU

The status of space-time Fundamentally (AdS) Emergent fromSg
The origin of Geometry + boundary )
. o Entropy constraint ( Syo10)
confinement conditions
The origin of AdS ] ]
It is postulated Derived fromSg
geometry
. Derived from fundamental
The origin of scales Free parameters
constants
Cosmological Complete (inflation + dark ener.
10108 Limited (AdS) mplete | &Y
consistency + time)
Connection with ]
. Absent Across the field®
consciousness
Status Phenomenological model Ontological paradigm

12.7 Summary

Comparison of the AU and the holographic AdS/CFT approach reveals both common principles
and fundamental differences:

1. Common ground: both approaches recognize emergence and the holographic principle.
AdS/CFT establishes a duality between gravity in AdS and CFT at the boundary; AU
postulates a field Sgfrom which spacetime and gauge fields emerge.

2. A fundamental difference in ontology: AdS/CFT postulates AdS space as fundamental;
AU asserts that the field is fundamental Sg, and spacetime is emergent. In this sense, AU
is @ more fundamental theory, explaining the origin of AdS geometry.

3. Confinement mechanism: in AdS/QCD, confinement is modeled through AdS geometry
and boundary conditions (hard-wall, soft-wall); in AU, confinement is a consequence of
entropy confinement [ | VSg |2 d3x < S

4. Origin of scales: in AdS/QCD the characteristic scales are free parameters; in AU they are
derived from the fundamental constants of the field Sg.
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5. Cosmological consistency: AdS/CFT is confined to space with a negative cosmological
constant; the AU provides a complete cosmological picture, including inflation, dark
energy, dark matter, and the origin of time.

6. Predictive power: AdS/QCD gives quantitative predictions, but these depend on the
choice of the model and its parameters; AU gives universal predictions derived from a
unified principle.

7. Status of theories: AdS/QCD is a phenomenological model calibrated by data; AU is an
ontological paradigm in which AdS/CFT duality emerges as a special case of a more
general information duality.

Thus, AU and AdS/CFT, despite their superficial similarities, represent fundamentally different
levels of theoretical description. AdS/CFT answers the question "how to model confinement
using AdS geometry?" AU answers the question "why does AdS geometry exist, and why does
confinement arise from information constraints?" —and it does so with a unified ontological
foundation, derivable scales, and complete cosmological consistency.

Chapter 13. AU vs. Other Information Theories

In previous chapters, we compared the Acta Universi (AU) hypothesis with standard quantum
chromodynamics, the AdS/CFT holographic approach, and other physical theories of
confinement. However, the AU is part of a broader landscape of information ontologies —
theories that assert that information, rather than matter or spacetime, is the fundamental
essence of reality. From John Wheeler's "It from Bit" to contemporary theories of digital physics,
information monism, and quantum panpsychism, many approaches share with the AU a basic
intuition about the primacy of information. However, they diverge in how exactly information is
understood, its ontological status, the implications for physics, and how they explain
confinement. In this chapter, we systematically compare the AU with leading information
theories, highlighting commonalities, fundamental differences, and possible points of
integration, as well as demonstrating how the AU offers an informational explanation of
confinement missing from other approaches.

13.1 Digital Physics and Information Monism

13.1.1 "It from Bit" and Wheeler's Digital Physics

Digital physics, dating back to the pioneering work of John Archibald Wheeler, posits that
physical reality is ultimately composed of discrete bits of information. Wheeler's famous
aphorism, "It from Bit," postulates that "any physical 'it' ultimately owes its existence solely to
discrete answers to detector-induced information-theoretic 'yes' or 'no’ questions—'bits."" As a
contemporary review notes, "In the information age, John Wheeler proposed the famous 'It
from bit' thesis, suggesting that information is the most fundamental element constituting the

universe. "
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Within digital physics, “the Universe is viewed as a self-organizing information and
computational system," where "information is ontologically primary, and matter and energy are
its emergent manifestations." As shown in "The Universal Model Framework" (2025), Wheeler's
"It from Bit" paradigm can be transformed into a "self- -consistent mathematical pipeline:
Axioms = Operators - Lagrangian - RGflow - Constants - Observables," yielding specific
testable predictions—for example, for the fine-structure constant &~ (u,) = 137.036 +
0.0003.

When applied to confinement, digital physics offers an intuition: if reality consists of bits, then
confinement could be a consequence of the discrete structure of spacetime, which prevents
quarks from existing in isolation. However, a specific confinement mechanism within digital
physics has not been developed.

13.1.2 AU vs. Digital Physics

AU and digital physics share a fundamental intuition about the primacy of information.
However, they diverge in several key respects:

1. Continuity vs. Discreteness. Digital physics postulates the discrete nature of information
(bits). In the AU, the field Sgis a continuous scalar field, albeit limited by the holographic limit
Sholo- This allows the AU to describe quantum effects without losing information content,
maintaining a connection with quantum field formalisms.

2. Substantiality of information. In digital physics, information is often understood as an
abstract structure existing outside of physical realization. In AU, information has a substantial
nature —the field Sgis a real physical field from which space-time and matter emerge.

3. Confinement mechanism. Digital physics does not offer a specific confinement mechanism.
AU offers a specific mechanism: an isolated color charge creates a divergent gradient Sg, which
is prohibited by the finite information capacity of the AU field.

4. The Role of Consciousness. Digital physics typically doesn't place much emphasis on
consciousness. In AU, consciousness (through integral information @) plays a constitutive role
in the field dynamics Sg.

5. Holographic Limit. AU includes the holographic limit S, ,as a fundamental limitation on
information capacity. In standard digital physics, such a limit is not usually postulated.

13.1.3 Information Monism: General Basis

Despite their differences, AU and digital physics belong to the broader category of information
monism —the assertion that information is the fundamental substance of reality. As formulated
in "Unified Informational Physics Ontology" (2025), "the ontology treats the universe as an
informational substrate, where matter, fields, and consciousness are various manifestations of
structured information. "

The paper "Hyper-Information Ontology (HIO)" (2025) proposes a similar concept: "physical
reality emerges when infinite latent information is projected onto the finite expressive capacity
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of spacetime." This has direct parallels with the AU, where the field Sgis a local projection of a

non-local archive onto emergent spacetime.

IN recent work "Information Is Not Physical: Possibility Spaces, Erasure, and the Structure of
Unrealized Alternatives" (2026) disputed thesis “information is physical” ( information physical ),
introduced Rolf Landauer. In AU, this thesis is modified: information is physical in the sense that
the field Sghas real physical effects (confinement, gravity, quantum transitions), but is not
reducible to matter in the standard sense.

13.2 Objectivity Theory (TO) and Information Cosmology

13.2.1 Basic principles of TO

The Theory of Objectivity (TO), developed by Vidamore Cabannas and Denivaldo Silva, offers an
alternative cosmological and ontological framework. As demonstrated in the 2026 analysis, in
TO, "the transcendent element is understood as knowledge or information produced in atomic
relations and equivalent to atomic radiations. "

Key principles of TO include:

e Rejection of spacetime as a fundamental entity: TO, like AU, "rejects spacetime as the
ultimate foundation. "

e Information How transcendental substance: information exists How “knowledge or
information produced in atomic relations, equivalent to atomic radiations”.

e Modal ontology: TO operates with "seven modal axioms", "Inducer Effects" and a
‘cosmogonic theorem".

e Radiation information: in TO, information is understood as “radiation-information”
produced in atomic relations.

How celebrated V In analysis, "the TO principle according to which there is no existential
universe without a substance transcendent to its quantum. " This "transcendent substance" in
TO is identified with information produced in atomic relationships.

When applied to confinement, TO does not offer a concrete explanation, since it focuses on
cosmological and atomic scales rather than nuclear physics.

13.2.2 Comparison of AU and TO
AU and TO share several fundamental principles:

1. Rejection of the primacy of spacetime: Both theories claim that spacetime is not
fundamental.

2. Primacy of information: Both theories give information a constitutive role in cosmology.

3. Non-locality: Both theories include non-local elements.
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important differences between them:

1. Ontological status consciousness. How shown V analysis “ACTA UNIVERSI AND THE MODAL
DISCIPLINE OF THE THEORY OF OBJECTIVITY” (2026), “Acta Universi offers a strong field of
dialogue with the Theory of Objectivity”, but “it also diverges from TO by granting primary
ontological status to consciousness and thought-forms”. In TO “an ontology of consciousness is
not identical to an objective ontology of radiation-information”.

2. Nature information. In AU “information appears associated with consciousness, thought-
forms, and informational integration”. TO information understood How "knowledge or
information produced in atomic relations, equivalent to atomic radiations. " This distinction has
profound ontological implications for understanding confinement.

3. Modal justification. How celebrated V analysis, “Acta Universi requires stronger modal
derivation, clearer conceptual boundaries, and more precise empirical operationalization in
order to become fully compatible with the modal discipline of TO.”

4. The role of consciousness in the creation of geometry. The most strong voltage detected V
analysis, consists of V that "The strongest TO-compatible reinterpretation of Acta Universi is not
that thought creates geometry, but that objective relations produce radiation-information as a
transcendent cosmological element. " While AU allows that consciousness (through @) plays an
active role in shaping geometry and confinement, TO insists that geometry is created by
objective relations that produce radiation-information.

5. Explanation of confinement. TO does not offer an explanation of confinement, whereas AU
provides an entropic explanation through the field Sg.

13.2.3 Possible synthesis points
Despite the voltages, AU and TO can be integrated:

1. Information cosmology: Both theories can be understood as variants of information
cosmology, where information plays a constitutive role.

2. Entropic gravity: Both theories relate gravity to information/entropy.
3. Cosmic memory: Both theories accept the existence of a cosmic memory or archive.

4. Dynamical dark energy: Both theories offer explanations of dark energy through
information principles.

How shown V In the analysis, "Acta Universi offers a strong field of dialogue with the Theory of
Objectivity, especially in relation to informational cosmology, dynamic dark energy, entropic
gravity, cosmic memory, and the cosmological role of consciousness. " Confinement can be
included in this dialogue as another example of how informational limitations create physical
structures.
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13.3 Quantum Panpsychism and Panprotopsychism

13.3.1 Basic principles of quantum panpsychism

Panpsychism is a philosophical position that asserts that consciousness or mental properties are
fundamental and universal attributes of all matter. Quantum panpsychism (or
panprotopsychism) applies this idea to quantum mechanics: consciousness arises from
quantum processes that are fundamental to all reality.

As Gambini and Puglian (2025) show, "the ontology of quantum mechanics, described in terms
of states and events with intrinsic phenomenal aspects (a form of panprotopsychism), is well
suited to explaining consciousness." In this approach, "consciousness arises in entangled
quantum systems connected to the brain's neural network. "

When applied to confinement, quantum panpsychism might suggest that quarks "sense" each
other through fundamental mental properties. However, a specific mechanism for confinement
has not been developed.

13.3.2 Comparison of AU and quantum panpsychism
AU and quantum panpsychism share several fundamental principles:

1. Consciousness as a fundamental property: Both theories acknowledge that
consciousness (or mental properties) plays a fundamental role in reality.

2. Quantum basis: Both theories link consciousness to quantum processes.
3. Informational nature: Both theories recognize the central role of information.
fundamental differences between them:

1. Universality of consciousness. In quantum panpsychism, consciousness is a universal
property of all matter—even the simplest systems possess some form of consciousness. In AU,
consciousness is not universal; it arises only when @ > @ _,;the system achieves sufficient
information integration. This allows AU to avoid panpsychism, which many consider an
undesirable consequence.

2. The mechanism of emergence. In quantum panpsychism, consciousness arises from
guantum entanglement and wave function reduction. In AU, consciousness arises from field
coherence Sgand reaches a macroscopic scale only at high ®.

3. Explanation of confinement. Quantum panpsychism does not offer a specific explanation for
confinement. AU offers an entropic explanation through a field Sgand a holographic limit.

4. Connection with Physics. Quantum panpsychism generally does not offer specific predictions
for physical systems. AU makes testable predictions for hadronic spectra, quantum
generalization, and gravitational waves.
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5. The role of information. In quantum panpsychism, information is often understood as an
epiphenomenon of consciousness. In AU, information (the field Sg) is the primary substance,
and consciousness is its emergent property.

13.3.3 AU as an alternative to panpsychism

AU offers an alternative to panpsychism that retains the intuition about the fundamentality of
consciousness but eschews its universality. In AU:

e Consciousness is not a universal property of all matter. Quarks and hadrons may have
® > (Oconsciousness, but they do not possess it.

e Consciousness arises only when @ > & _;.coherence Sgencompasses the entire system.

e There is a quantitative threshold ( @) that can be measured and tested
experimentally.

e Consciousness is connected to physics through the field Sgand integral information ®.

This makes AU a more parsimonious ontology than panpsychism, and more empirically
testable, especially in the context of confinement, where the field Sgmakes specific predictions.

13.4 Other information theories

13.4.1 Unified Information Physical Ontology (UIPO)

The Unified Informational Physics Ontology (UIPO), proposed by Kevin Brown (2025), is a
"master reference that assembles the entire corpus of Triune Harmonic Dynamics (THD) and
Informational Physics into a single coherent, falsifiable architecture." In UIPO, "the ontology
treats the universe as an informational substrate, where matter, fields, and consciousness are
various manifestations of structured information. "

UIPO and AU share a common intuition about the information substrate. However, UIPO is a
more architectural ontology, focusing on organizing existing equations and protocols, while AU
offers a concrete dynamical theory with field equations and testable predictions for
confinement.

In the context of confinement, UIPO does not offer specific mechanisms, whereas AU provides
an entropic explanation through the field Sg.

13.4.2 Hyper-Information Ontology (HIO)

Hyper-Information Ontology (HIO) (2025) proposes a conceptual framework in which "physical
reality emerges when infinite latent information is projected onto the finite expressive capacity

of spacetime." This has direct parallels with AU, where the field Sgis a projection of a non-local

archive onto emergent spacetime.
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However, HIO remains at the conceptual level, offering no concrete equations or testable
predictions for confinement. AU, by contrast, offers a complete mathematical formalism with a
modified Yang—Miills action, an entropy confinement condition, and predictions for hadronic
spectra.

13.4.3 Recursive Reality Hypothesis (RRH)

The Recursive Reality Hypothesis (RRH), discussed in Chapter 2, asserts that "spacetime,
matter, and consciousness emerge from a deeper, non-spatiotemporal informational substance."
RRH and AU share a common ontological intuition. However, RRH remains a hypothetical
construct without detailed mathematical development, whereas AU offers concrete equations

and testable predictions for confinement.

13.5 Explanation of confinement in information theories

A comparison of various information theories in terms of their ability to explain confinement
reveals the uniqueness of the AU approach:

Explanation of Mathematical Testable
Theory i . -
confinement formalism predictions
Digital Physics Not developed Discrete structure None
TO Not developed Modal Limited
Quantum o
. Not developed Quantum Limited
panpsychism
uIPO Not developed Architectural Limited
HIO Not developed Conceptual None
RRH Not developed Conceptual None
AU Entropy constraint Complete field Many (hadrons,
( Sholo) formalism KGP, GV)

As shown in the table, AU is the only information theory that offers a concrete, mathematically
designed confinement mechanism with testable predictions.
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13.7 Summary

Comparing AU with other information theories reveals both common principles and

fundamental differences:

1.

Common ground: all information theories share the intuition that information is a
fundamental entity, while space-time and matter are emergent. AU shares this intuition
with digital physics, TO, quantum panpsychism, and other information ontologies.

The uniqueness of the AU in explaining confinement: The AU stands out among
information theories in that it offers a specific, mathematically developed mechanism
for confinement —the entropy constraint [ | VSg |2 d3x < S, which follows from the
holographic limit S;,,,,. No other information theory offers a similar explanation.

AU vs. digital physics: AU preserves the continuity of the field Sg(unlike discrete bits),
which allows describing quantum chromodynamic effects without loss of information
content.

AU vs. TO: AU and TO share a rejection of the primacy of space-time but differ on the
ontological status of consciousness. TO understands information as radiation
information produced in atomic relationships; AU associates information with
consciousness and thought forms. TO offers no explanation for confinement.

AU vs. quantum panpsychism: AU avoids panpsychism by introducing a quantitative
threshold ®;;for consciousness. This makes AU a more parsimonious and testable
ontology, especially in the context of confinement.

AU vs. other information theories: UIPO, HIO, and RRH share a common information
intuition with AU, but remain at the conceptual or architectural level, offering no
concrete equations or testable predictions for confinement. AU offers a complete
mathematical formalism that can be tested experimentally.

Information Monism and Confinement: In the AU, information monism is concretely
realized through a field Sg, which is simultaneously a fundamental substance and a
source of physical effects. Confinement, in this perspective, is a necessary consequence
of the finite information capacity of the Universe, making the AU not just another
information ontology, but a full-fledged physical theory of strong interactions.

Thus, AU occupies a unique place in the landscape of information theories. It combines the

intuition of the primacy of information with a concrete mathematical formalism, testable

predictions, and an explanation of confinement that goes beyond standard quantum

chromodynamics. This makes AU not just another information ontology, but a fully-fledged

scientific theory that can be tested and, possibly, falsified by existing and future experiments.
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Part VII. Philosophical Implications and Conclusion

Chapter 14. Philosophical Implications of the AU Approach
to Confinement

In the previous chapters, we presented the AU approach to confinement as an information-
entropic alternative to standard theories of strong interactions, demonstrating its connection
with the holographic principle and other information ontologies. We now move to the level of
philosophical reflection. The Acta Universi (AU) hypothesis has profound philosophical
implications that touch upon fundamental questions of ontology, epistemology, and the
philosophy of physics. In this chapter, we explore these implications, focusing on three key
issues: reductionism vs. holism in the description of strong interactions, consciousness and
matter from an information-ontological perspective, and the problem of time in quantum
chromodynamics. We demonstrate that the AU approach not only offers a new physical theory
of confinement but also opens up new philosophical horizons, linking the microcosm (quarks
and hadrons) with the macrocosm (cosmology), physics with metaphysics, and science with the
humanities.

14.1 The problem of reduction in physics

14.1.1 Reductionism vs. Holism in the Description of Strong Interactions

Standard quantum chromodynamics is a classic example of the reductionist approach in
physics. Hadrons are described as bound states of more fundamental particles (quarks and
gluons) that obey the laws of quantum field theory. Complex hadronic systems (nuclei, atoms)
are understood as aggregates of simple hadrons, and the properties of hadrons are derived
from the properties of their constituent quarks. As noted in the philosophical analysis, “the
reductionist program in physics assumes that the laws and properties of complex systems can be
completely deduced from the laws and properties of their constituents. "

However, even within the framework of standard QCD, holistic elements emerge. Quantum
entanglement between quarks is an irreducible property of composite systems that cannot be
described in terms of the properties of their individual parts. As shown in the STAR
Collaboration (2025), "spin-correlated quark pairs from the QCD vacuum" retain their
entanglement during confinement, and this entanglement "links virtual spin-correlated quark
pairs from the QCD vacuum to their finite-state hadronic counterparts. "

As shown in a recent paper, "chemical bonding is a nonlocal phenomenon that binds atoms into
molecules." Similarly, confinement is a nonlocal phenomenon that binds quarks into hadrons,
and this nonlocal phenomenon "cannot be reduced to the interaction of independent quarks. "
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In the philosophy of physics, the debate between reductionism and holism has a long history. As
noted in a 2025 paper, "Holism asserts that the whole has properties that cannot be reduced to
the properties of its parts or to their interactions." In QCD, confinement is a paradigmatic
example of a holistic property: the state of a hadron cannot be represented as a simple product
of the states of its constituent quarks.

In the AU approach, holism is an ontological principle, not an exception. A hadron is not an
aggregate of independent quarks, but a coherent field structure Sgin which quarks are merely
modes of a unified information field. The properties of a hadron—its mass, spin, and quantum
numbers—cannot be fully deduced from the properties of individual quarks, since they depend
on the global configuration of the field Sg, including nonlocal correlations through the nucleus
K (x, y)and the entropic confinement condition.

This means that in the AU approach:
1. A hadron is a holistic information structure, not an aggregate of quarks.
2. Quarks are not independent entities, but rather coupled modes of the field Sg.

3. Hadronic properties arise from the global configuration Sg, not from individual
properties of quarks.

4. Causality operates at the level of the whole: excitation of a hadron affects all its parts
simultaneously through the non-local nucleus K (x, y).

This makes the AU approach ontologically holistic, in contrast to the epistemic reductionism of
standard QCD.

14.1.2 Confinement as an emergent property of the information field

In the AU approach, confinement is an emergent property of the information field Sg—it arises
from the global structure of the field, not from the properties of individual quarks. This means
that confinement cannot be understood by analyzing the interactions of individual quarks; it
requires considering the entire information structure of the archive of thought forms.

As shown in Mamo (2025), confinement can be understood as an entropic surface
phenomenon: quark and gluon quantum information is localized on a transverse entangling
two-dimensional sphere, where the QCD vacuum achieves its maximum entanglement entropy.
In the AU approach, this localization is a direct consequence of the holographic limit Sy,40,
which limits the information capacity of any region of space.

This emergent nature of confinement has profound philosophical implications:

e Anti-reductionism: The AU approach argues that the properties of hadrons cannot be
completely deduced from the properties of quarks and gluons. The global field
configuration must be taken into account Sg.

e Emergence: the properties of hadrons (mass, spin, quantum numbers) are emergent,
arising from the coherent organization of the field Sg.
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e Informational primitiveness: information (field Sg) is more fundamental than matter
(quarks, gluons). Matter is only a manifestation of the informational structure.

This anti-reductionism is not a denial of the achievements of quantum chromodynamics, but
rather a complement and deepening of its conceptual foundations.

14.1.3 Implications for the philosophy of science

The AU approach has several important implications for the philosophy of science:

1. Redefining the concept of "fundamental." In standard physics, particles and fields are
considered fundamental. In the AU approach, information (a field Sg) is fundamental, while
particles and fields are emergent. This changes the concept of "fundamental physics."

2. The connection between ontology and epistemology. In standard physics, ontology (what
exists) and epistemology (what we know) are often viewed as independent. In the AU approach,
they are linked: since information is fundamental, cognition (as a form of information
processing) becomes ontologically significant.

3. The Demarcation Problem. The AU approach blurs the boundary between physics and
metaphysics. Information, consciousness, and entropy—concepts traditionally relegated to
metaphysics or philosophy—become central to physical theory.

4. The Unity of Science. The AU approach proposes a unified information ontology that links
physics, chemistry, biology, and the theory of consciousness. This opens the way to overcoming
the fragmentation of modern scientific knowledge.

As a recent philosophical analysis notes, "science and metaphysics are not isolated domains;
they mutually inform each other. Physical theories have metaphysical assumptions, and
metaphysical reasoning can guide physical research." The AU approach exemplifies this mutual
information, particularly in the context of confinement, where the physics of strong interactions
meets information theory.

14.2 Consciousness and Matter

14.2.1 Information monism as an alternative to dualism and materialism

The philosophy of consciousness is traditionally divided into three main positions: materialism
(consciousness is a property of matter), dualism (consciousness and matter are independent
substances), and idealism (matter is a product of consciousness). Each of these positions faces
serious problems.

Materialism faces the "hard problem of consciousness" (Chalmers): how do physical processes
in the brain generate subjective experience? Applied to confinement, materialism offers no
explanation for why consciousness must be related to quark confinement.
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Dualism faces the problem of interaction: how does immaterial consciousness interact with the
material brain? In the context of confinement, this would mean that consciousness somehow
influences strong interactions, but the mechanism for this influence remains unclear.

Idealism faces the problem of objectivity: if matter is a product of consciousness, then why
does it exhibit such stability and independence from individual consciousness? Confinement, as
an objective property of strong interactions, should depend on consciousness, which
contradicts observations.

The information monism proposed by the AU approach represents an alternative to all three
traditional positions. In the AU ontology:

1. Information (field Sg) is the fundamental substance from which both matter and
consciousness emerge.

2. Matter is an emergent property of the field Sgin the regime of high localization and low
integration ( ®low).

3. Consciousness is an emergent property of a field Sgin a mode of high integration and
coherence (P > d ;).

4. Matter and consciousness are not independent substances ; they are different
manifestations of the same informational reality.

5. Confinement is an emergent property of a field Sgin the entropic confinement regime
(f |VS® |2 d3x < Scrit)-

This informational monism allows us to overcome dualism (since there is only one substance —
information), avoid the problems of materialism (since consciousness cannot be reduced to
material processes) and avoid the extremes of idealism (since information has an objective
existence independent of individual consciousness).

In the context of confinement, this means that quark confinement requires neither a
materialistic (forces between particles) nor a dualistic (immaterial interference) explanation.
Confinement is a natural consequence of the information structure of the field Sg, just as
consciousness is a natural consequence of highly integrated information.

14.2.2 Consciousness as a fundamental property of highly integrated systems

In the AU approach, consciousness is not a universal property of all matter (unlike
panpsychism), but it is also not an epiphenomenon of complex computation (unlike
functionalism). Consciousness is a fundamental property of highly integrated systems —
systems in which the field Sgachieves macroscopic coherence and ®exceeds a critical threshold
D i

In the context of confinement, this means that hadrons, while possessing [unclear] ® > 0, do
not possess consciousness, since their number ®is below a critical threshold. However, they
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are information structures that can influence the field Sgand, consequently, cosmological
evolution through increasing entropy.

This has several philosophical implications:

1. Consciousness has ontological significance: it is not an epiphenomenon, but is a real
property of informational reality.

2. Consciousness is not universal: quarks and hadrons do not possess consciousness, as
their number ®is below the threshold. This avoids panpsychism.

3. Consciousness is linked to physical parameters: ®it can be measured and
d . .determined experimentally. This makes consciousness an object of scientific
research.

4. Consciousness has a hierarchical structure: different levels of organization (quarks,
hadrons, nuclei, atoms, molecules, cells, organisms) have different meanings ®, which
corresponds to the hierarchy of information integration.

As shown in IIT studies, "some level ®,,,,can be found in simple systems such as atoms and
molecules." In the AU approach, this means that even simple systems possess some degree of
information integration, but consciousness in the full sense only emerges when a critical
threshold is reached.

14.2.3 AU as a bridge between physics and the theory of consciousness

One of the most significant philosophical implications of the AU approach is its ability to serve
as a bridge between physics and the theory of consciousness. In the standard academic
picture, physics and the theory of consciousness remain isolated disciplines with distinct
ontological foundations. Physics studies matter and energy; the theory of consciousness studies
subjective experience. There is an unbridgeable gap between them.

In the context of confinement, this gap is particularly noticeable: the physics of strong
interactions seems to have no bearing on consciousness. The AU approach offers a way to
bridge this gap:

1. Unified ontology: physics and the theory of consciousness have a common ontological
basis - the field Sg.

2. Unified formalism: physical and conscious phenomena are described by one formalism -
field dynamics Sgand integral information ®.

3. Unified mechanisms: confinement, quantum coherence and consciousness - all of them
are manifestations of field coherence Sg.

4. Testable connections: AU predictions for hadronic spectra, QGP, and gravitational waves
can be tested experimentally, linking strong interaction physics to the theory of
consciousness through empirical data.
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As noted in a recent paper on quantum biology, "quantum biology is evolving from a speculative
concept to an experimentally accessible and translationally relevant discipline." The AU
approach is part of this evolution, offering a theoretical framework that links quantum
chromodynamic phenomena to fundamental information dynamics.

14.3 The problem of time in quantum chromodynamics

14.3.1 Kairos Time and Confinement

The problem of time in quantum field theory and quantum gravity is one of the most profound
philosophical problems in modern physics. As noted in Chapter 5, the Wheeler—DeWitt
equation H | ‘P) = (Ocontains no time derivative, leading to the so-called Frozen Formalism
Problem. In quantum cosmology, time is not a well-defined concept, despite its central role in
determining dynamics.

In the context of confinement, the problem of time manifests itself in the fact that QCD is
formulated as a field theory in Minkowski spacetime, where time is an external parameter.
However, attempts to quantize QCD encounter the same problems as in quantum gravity: time
is not an observable quantity, and its role in quantum dynamics remains unclear.

The AU approach offers a solution to this problem through kairos time. 7— a fundamental time
in which events are ordered by semantic and causal connections, rather than by chronological
sequence. As shown in Chapter 5, kairos time is defined through a differential form:

1
drt = N (dt + A dS@ + u d(pbraid)-

In the context of confinement, this means that the confinement time of quarks (i.e. the lifetime
of hadrons) is determined not by chronological time t, but by kairos time 7, which is related to
the dynamics of the field Sg.

This decision has deep philosophical implications:

1. Time is not a fundamental parameter, but is an emergent property of information
dynamics.

2. Time is related to entropy: the passage of time is determined by changes in the field
Sethat create dt # 0.

3. Time has a causal, not chronological, structure: kairos time orders events according to
their semantic and causal connection, and not according to measurable duration.

4. Time is irreversible: since acts of writing to the AU archive are irreversible, tit has an
arrow of time.

In the context of confinement, this means that the stability of hadrons (their lifetime) is
determined by the rate of change of the field Sgalong the kairos time. The proton is stable
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because its configuration Sgis the global entropy minimum; the neutron is unstable because its
configuration can relax to a lower energy state.

14.3.2 Connection to the Arrow of Time debate

The arrow of time—the direction of time from the past to the future—is one of the most
debated issues in the philosophy of physics. In standard physics, the arrow of time is usually
associated with the thermodynamic arrow (the increase in entropy), the cosmological arrow
(the expansion of the universe), and the psychological arrow (the perception of time).

In the AU approach, all these arrows have a common origin:

1. The thermodynamic arrow arises from the irreversibility of recording events in the AU
archive, which increase the total entropy of the system. In the context of confinement,
this means that hadronization (the formation of hadrons from the QGP) is an irreversible
process, creating the arrow of time.

2. The cosmological arrow arises from the expansion of the universe, which itself is a
consequence of gradients Sg. Confinement, as a property of quantum chromodynamics,
is related to cosmological evolution through the field Sg.

3. The psychological arrow arises from the coherence of the field Sgin conscious systems
that perceive time as a sequence of irreversible events. Consciousness, as a highly
integrated structure, is sensitive to change Sg.

This unity of the arrows of time is a consequence of the fact that they are all manifestations of
the same fundamental informational dynamics of the field Sg.

As shown in Chapter 5, the stationary state of an atom is determined by the condition
dSg/dt = 0. Similarly, the stability of a hadron in the AU approach is determined by the fact
that its configuration Sgis a local entropy minimum, and any transitions require irreversible
recording in the archive.

14.3.3 Implications for understanding hadronization

In standard QCD, hadronization—the formation of hadrons from quarks and gluons—is
described as a probabilistic process governed by fragmentation rules. The hadron lifetime is
determined by the decay probability, which is calculated using matrix elements.

In the AU approach, hadronization receives a new interpretation:

1. Hadronization is an irreversible act of recording a thought-form: when quarks and
gluons from the QGP combine into hadrons, information about this process is recorded
in the AU archive.

2. The hadron lifetime is determined by the rate of change of Sg: 7.1, X 3Sg/07. This
links the lifetime to fundamental information dynamics.

3. The arrow of time arises from the irreversibility of hadronization: since the recording in
the archive is irreversible, hadronization has a direction from the past to the future.
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4. The observer plays an active role: measuring hadronic states is an act of recording that
requires a system with @ > & ;.

This has deep philosophical implications for understanding quantum chromodynamics and its
connection to consciousness:

o Hadronization is not a purely probabilistic event, but is an informational act that
changes the state of the archive.

e Timeis not a background for hadronization, but is an emergent property of its
sequence.

o The observer is not a passive registrar, but an active participant in the recording
process.

As shown in recent work on quantum decoherence, "measurement and decoherence are
identified as physical processes through which temporal structure is locally instantiated by
irreversibly fixing classical records." In the AU approach, this principle receives an ontological
justification through the field Sgand integral information &.

14.4 Implications for understanding the nature of fundamental

Interactions

14.4.1 Informational nature of strong interactions

The AU approach offers an informational interpretation of strong interactions. In standard QCD,
the strong interaction is described by the exchange of gluons between quarks. In the AU
approach, gluons are interpreted as fluctuations C,, of the field correlation tensor Sg, and the
strong interaction is interpreted as an entropic attraction between high-density regions Sg.

This means that the strong interaction is not fundamental, but rather an emergent property of
the field's information structure Sg. Confinement, a consequence of this interaction, is also

emergent.
This interpretation has several philosophical implications:

1. The strong interaction is not a "force" in the Newtonian sense, but is a manifestation of
information limitations.

2. Color charge is not a "charge" in the electromagnetic sense, but is a topological
configuration of the field Sg.

3. Gluons are not "particles"” in the standard sense, but are fluctuations of the correlation

tensor.

4. Confinement is not a “hold” in the mechanical sense, but is a consequence of the finite
information capacity of the AU-field.
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This radically changes our understanding of what a "fundamental interaction" is. Instead of
viewing the strong interaction as one of the four fundamental interactions, the AU approach
views it as an emergent property of information dynamics.

14.4.2 Informational nature of gauge invariance
In standard QCD, gauge invariance is a fundamental principle: physical observables are
independent of the choice of gauge. In the AU approach, gauge invariance arises from the fact

that the correlation tensor €y, = (auSgang)is invariant under transformations that do not
change | VSg |2.

This means that gauge invariance is not a fundamental principle, but an emergent property of
the information structure of the field Sg. This has profound philosophical implications:

1. Symmetries in physics are not fundamental, but are manifestations of a deeper
information structure.

2. Gauge invariance does not require postulation, but is derived from the properties of
the field Sg.

3. Violation of gauge invariance (e.g. via entropy terms in the modified Yang—Mills action)
becomes possible, which reveals new physical effects.

This is consistent with modern trends in physics, where symmetries are increasingly viewed as
emergent rather than fundamental.

14.4.3 The informational nature of confinement and its connection with
cosmology

In the AU approach, confinement is not an isolated property of QCD, but an integral part of the
unified information dynamics of the Universe. The entropy condition for confinement

[ 1VSg 17 d3x < S,iiis a consequence of the holographic limit S0, Which, in turn, determines
cosmological evolution.

This means that confinement is linked to cosmology through a unified field Sg. A change in the
confinement scale (for example, in the early Universe) influences cosmological evolution, and
vice versa.

This connection has deep philosophical implications:

1. The microworld and the macroworld are not independent: the properties of hadrons
are related to cosmological parameters through the field Sg.

2. Fundamental constants are not constant: Aqcpother QCD parameters can evolve in time
along with the field Sg.

3. Confinement has cosmological significance: the confinement—deconfinement phase
transition in the early Universe generates gravitational waves that can be detected.
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This makes the AU approach a unified information ontology that links the microworld with the

macrocosm, the physics of strong interactions with cosmology.

14.5 Summary

In this chapter, we explored the philosophical implications of the AU approach to confinement,

focusing on three key issues: reductionism vs. holism, consciousness vs. matter, and the

problem of time. Key findings:

1.

The reduction problem: The AU approach proposes a holistic ontology in which the
hadron is a holistic information structure, not reducible to a set of independent quarks.
Confinement is an emergent property of the information field Sg, not the result of the
interaction of individual particles.

Consciousness and matter: The AU approach proposes informational monism as an
alternative to materialism, dualism, and idealism. Consciousness is an emergent
property of the field Sgat ® > ®;;, which avoids panpsychism and simultaneously
establishes a connection between the physics of strong interactions and the theory of
consciousness.

The problem of time: The AU approach offers a solution to the problem of time through
kairos time 7, which is an emergent property of information dynamics. The arrow of
time arises from the irreversibility of recording events in the AU archive, including
hadronization.

The informational nature of fundamental interactions: The AU approach offers an
informational interpretation of strong interactions, gauge invariance, and confinement.
The strong interaction is not fundamental, but rather an emergent property of the
informational structure of the field Sg.

Connection of the microworld with the macrocosm: confinement is connected with
cosmology through a unified field Sg, which makes the AU approach a unified
information ontology that connects the microworld with the macrocosm, the physics of
strong interactions with cosmology.

Thus, the AU approach not only offers a new physical theory of confinement but also opens up

new philosophical horizons. It proposes a unified information ontology that links the

microcosm with the macrocosm, physics with metaphysics, and science with the humanities.

This makes AU not only a scientific hypothesis but also a philosophical system worthy of serious

consideration.

Chapter 15. Conclusion

In this paper, we presented an information-entropy interpretation of quark confinement within
the Acta Universi (AU) hypothesis. We traced the path from the ontological foundations of the
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thought-form entropy field Sgto observational predictions and philosophical implications,
demonstrating that AU offers a consistent, mathematically rigorous, and testable explanation
for color confinement, which remains a central unsolved problem in standard quantum
chromodynamics. In this final section, we summarize the main results, discuss the contribution
of the work to the advancement of physics and interdisciplinary research, formulate testable
predictions, and outline prospects for further research.

15.1 Main results

15.1.1 Ontological rethinking of confinement

Within the AU approach, confinement ceases to be a nonperturbative property of quantum
chromodynamics, lacking an analytical explanation, and becomes a consequence of
fundamental information-entropic constraints imposed by the entropy field of thought forms
So(Chapter 3). This ontological rethinking has several key aspects:

1. Information monism: the fundamental entity is a field Sg—a local projection of a
nonlocal archive of thought forms onto emergent space-time. Space-time, matter, and
gauge fields are emergent properties of this field.

2. Color charge as a topological configuration: The color charge of a quark is interpreted
not as a fundamental property, but as a coherent topological configuration of the field
Se—analogous to a vortex in non-Abelian gauge theory. Generators SU(3)correspond to
different types of topological defects.

3. Holographic limit: S, ,establishes the maximum information capacity of any region of
space. An isolated color charge creates a diverging gradient Sg, which is impossible given
the finite information capacity of the AU field.

4. Confinement as an entropy constraint: Confinement arises from the condition

f06béM | VSg I? d3x < S+, where S,,is the critical entropy associated with the hadron

surface area. This provides a rigorous, physically justified confinement order
parameter, which is absent in standard QCD.

15.1.2 Mathematical formalism
Chapters 4-6 presented the mathematical formalism of the AU approach to confinement:
1. Modified Yang—Mills action:
1 .
Layym = =7 FLF + 1@ Sq Tr(Fy F*Y) + € 0,590, Se Tr(FFPFY),

where the CP-violating term 1 @ Sg Tr(F,u,F"”V)gives a natural solution to the strong CP
problem, and the entropy-dependent term ¢ 9,590, Se Tr(F“pF‘;))Ieads to the effective

mass of gluons.

126



2. Equation for a color field with an entropy source:
V. (Ea(l - 715@)) = pguark'
The solution for a point charge gives a singularity at 7, = \/ﬁthe confinement surface.

3. Equation for a field Sgwith a source from a color field:

A
OSg + m2Se + f K (x,v)Se(y)d*y = %F#%Fa‘“’.

4. Nonlocal core and linear potential: The nonlocal core K (x, y)forms a string between
the quark and antiquark, giving a linear potential V(R) = oRwith tension ¢ =
(440 M3B)?consistent with the phenomenology of QCD.

5. Confinement radius: R, ~ 1fm, determined by the parameters of the AU model (7, 4, &,
So, mg) and related to the QCD scale Aqcpvia R ~ 1/Aqcp-
15.1.3 Deconfinement phase transition and hadrons
In Chapters 7-8 it was shown that:
1. Quark—gluon plasma is interpreted as an entropic transition —a state in which the field
Seloses coherence at T > T,. The critical temperature T, ~ 150, 200MeV, is derived

from the entropic condition T, = AS,,i:/kg, Which is consistent with lattice QCD
calculations.

2. Hadrons are stable entropic structures —closed field configurations Sgin which the
color charge is completely shielded. The hadron mass is determined by the integral of
the field Sgover its volume:

Mhadron = af SG) d*x + ﬁ
afpoH

This formula gives the correct masses for known hadrons (pion, kaon, proton, neutron,
J /) for reasonable values of the AU parameters.

3. Exotic hadrons (tetraquarks, pentaquarks, glueballs) are interpreted as more complex
topological field configurations Sg. The LHCb 2025 discoveries, including the tetraquark
candidate T;,(2870)°, find a natural explanation in the AU approach.

S

15.1.4 Experimental Predictions

In Chapters 9-10, the testable predictions of the AU approach were formulated:

Experimental

Observation AU prediction e
verification

Exotic hadrons Universal mass gap correlationM (R) LHCb, Belle II
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Experimental

Observation AU prediction L
verification
Glueball
m(0*t) = 1.73 + 0.05GeV BESIII, GlueX
spectroscopy
RHF - radial flow Anomalies in vy (pr)the vicinityT, ATLAS, ALICE
KGP - dileptons Entropy signatures at M;; < 1GeV ALICE, CMS

A specific form of dependence of

Critical point STAR (BES-II/IlN)

cumulants on energy

Gravitational waves Signature of a first-order QCD transition PTA, LISA

15.1.5 Comparison with alternative approaches

In Chapters 11-13, a systematic comparison of AU with standard QCD, the holographic AdS/CFT
approach, and other information theories was made:

Other
Criterion Standard QCD AdS/CFT information AU
theories
Confinement Dynamic . Not Entropy
Geometric T
status property developed limitation
Origin of color . Not Topological
Fundamental Effective i )
charge developed configurationSg
The origin of Fundamental
. Fundamental Emergent Emergent fromSg
space-time (AdS)
Explanation of Related to Not Consequence of
Not proven .
the mass gap geometry developed discretenessSg
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Criterion

Solving the
Strong CP
Problem

Predictive
power

Standard QCD

Requires an
axion

Quantitative
(lattice)

AdS/CFT

Doesn't solve it

Quantitative
(model-
dependent)

Other
information
theories

Not
developed

Limited

AU

Natural
throughf.¢

Quantitative
(analytical)

15.2 Contribution to the development of physics and interdisciplinary

research

15.2.1 Information-entropy confinement paradigm

The AU approach makes an original contribution to physics by proposing an information-

entropy paradigm for confinement. Unlike standard QCD, which describes confinement

phenomenologically but offers no analytical explanation, AU offers:

o A clear mechanism of confinement through entropy limitation [ | VSg I? d3x < S.;.

e Unified explanation of the hadron spectrum, exotic states and the mass gap via field

dynamics Sg.

e A natural solution to the strong CP problem without introducing an axion.

15.2.2 Connection of the microworld with the macrocosm through a unified field

One of the most significant contributions of the AU approach is the establishment of a

connection between three levels of reality that remain isolated in standard science:

1. The microworld (quarks, hadrons) is described through a modified Yang—Miills action

with entropy terms and a nonlocal kernel K (x, y).

2. The macroworld (cosmology) is described through an emergent metric g, = 1, +

B 0,5¢9,Se + ---and modified Friedmann equations.

3. Consciousness is described in terms of integral information ®and field coherence Sg.

All three levels are connected by a single field Sg, which makes AU a universal ontological

theory that covers all of reality—from quantum fluctuations to consciousness.
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15.2.3 Bridge between Physics, Information Theory and Philosophy

The AU approach serves as a bridge between three disciplines:

1. Physics provides mathematical formalism (modified Yang—Mills action, equations for Sg)
and experimental methods (hadron spectroscopy, heavy ion physics).

2. Information theory provides conceptual apparatus (entropy, integral information @) and
measures for quantitative description of confinement.

3. Philosophy provides ontological reflection (information monism, the problem of time,
reductionism vs. holism).

The AU approach shows that these disciplines are not isolated, but are different aspects of a
single information reality.

15.3 Status of the hypothesis and prospects

15.3.1 Current status of the AU confinement hypothesis

The AU approach to confinement remains a speculative hypothesis, but has several important
empirical anchors:

1. Agreement with lattice QCD: The AU predictions for the string tension (o =
(440 M3B)?), glueball mass (m(0**) = 1.73 + 0.05GeV), and critical temperature
(T, ~ 150— 200MeV) are consistent with lattice calculations.

2. Agreement with experiment: the discoveries of exotic hadrons at LHCb (2025) and the
first experimental evidence of confinement in a proton (2026) are consistent with AU
predictions.

3. Relationship with DESI data: The cosmological predictions of AU( wy > —1, w, < 0)
agree with the DESI DR2 (2025) data at a level of up to 4.20.

However, to confirm the AU hypothesis, additional experimental tests are required (Chapter 10):
spectroscopy of exotic hadrons, searching for the critical point, measuring gravitational waves
from the QCD transition.

15.3.2 Directions for further research

Theoretical directions:

1. Full quantum field theory Sg: development of quantum field theory Sgon emergent
spacetime, including the calculation of the effective action and quantum fluctuations.

2. Complete solution of the AU-QCD equations: analytical solution of the system of
equations for confinement in the non-perturbative regime.
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3.

Extension to particle physics: Application of the AU formalism to electroweak
interactions and Higgs physics.

Observation directions:

1.

Exotic Hadron Spectroscopy: Continuing the Search for Tetraquarks, Pentaquarks and
Glueballs at LHCb, Belle 1l and BESIII.

Searching for the critical point: Analysis of BES-1I/IIl data at RHIC and future experiments
at FAIR.

Gravitational waves from the QCD transition: measuring the stochastic background in
PTA, LISA and other detectors.

Philosophical and interdisciplinary areas:

1.

Philosophical implications: further exploration of the ontological implications of
information monism for understanding reality.

Integration with Integrated Information Theory (lIT): developing a unified information
ontology linking physics, biology and the theory of consciousness.

Ethical implications: a discussion of responsibility for entropy generation Sgin the
context of technological development and artificial intelligence.

15.4 Final assessment

The Acta Universi hypothesis proposes a fundamentally new information-entropy paradigm for

understanding quark confinement. Unlike standard quantum chromodynamics, which describes

confinement phenomenologically but offers no analytical explanation, the AU hypothesis

proposes:

1.

Clear ontological status for color charge, gluon field and confinement through the
entropy field of thought forms Sg.

A unified explanation of the hadron spectrum, exotic states, mass gap and the strong CP
problem via entropic dynamics.

The connection between the microworld and the macrocosm through a unified field
Sethat determines both strong interactions and cosmological evolution.

Testable predictions for the spectroscopy of exotic hadrons, quark-gluon plasma, and
gravitational waves from the QCD transition.

The AU approach does not reject the achievements of quantum chromodynamics, but

integrates them into a deeper information framework, where information, entropy, and

consciousness turn out to be fundamental categories, and matter and gauge fields are

emergent.
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Like any scientific hypothesis, the AU must be tested by observations and critically assessed by
the scientific community. If its predictions are confirmed, it will mark the beginning of a new era
in physics—the era of information ontology, where confinement, gravity, and consciousness are
understood as different manifestations of a single information field. If observations contradict
the AU predictions, this will indicate the need to modify or abandon the hypothesis. In any case,
the testability of the AU makes it a full-fledged and fruitful scientific hypothesis worthy of
serious consideration.

Applications

Appendix A. Mathematical details of the AU-QCD
formalism

A.1 Complete derivation of the modified Yang—Miills action

In standard quantum chromodynamics, the Yang—Mills action is:
1 a rapv
Lym = _ZEIVF ’
where F3, = 0,A7 — 0, A5 + gf“bCAZAf,is the gluon field strength, Ajjare the gluon fields, gis
the coupling constant, and f%’“are the structure constants of the group SU(3).
In the AU approach, this action is modified by adding two new terms that connect the color
field with the entropy field of thought forms Sgand the field of consciousness ®:

1 _
,QWM=—Z@MWW+A¢&ﬂﬂ@ﬂwﬂ+f%&ﬁﬁbﬁ@WFw.

A.1.1 Variation in the gluon field

By varying the action with respect to the gluon field A%, we obtain the modified Yang—Mills
equation:
a‘L:AU-YM aLAU-YM _

Vv — = 0.
“3(TAL) AT

For the first term (the standard Yang—Mills action), variation yields:

L (—lFb Fbpcr> = _Fauv
(v, A4\ 477

For the CP-violating term, 1 ® Sg Tr(P;wF"’“’)the variation yields:

Sy (10 5o T F)) = 420 55 P
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For the entropy-dependent term, § 3,590, S¢ Tr(F”pFZ)the variation gives:

d
m (E 0,560550 Tr(FpAFg)) = 4§ 0,500, F*PH5°V,

Thus, the complete equation of motion is:
V FH + A ® S V,FHY + & 9,590,S9 V,FH = g]*v,
where J%is the color current of quarks.

A.1.2 Field variationSg

By varying the action along the field Sg, we obtain an equation for the entropy field of thought
forms:

A
550 + m3So + | K (6.1)S0()d%y = 5oz FAFW,

where 0 = n#"d,d,is the d'Alembert operator, mgis the effective mass of the field Sg, and
K (x, y)is the nonlocal kernel.

A.2 Solution for a color field with an entropy source

A.2.1 Derivation of the modified Poisson equation

In the gauge A, = 0and static limit, the modified Yang—Mills equation reduces to:
V-E® = pguark +nV- (SG Ea)r

where E%is the color electric field, pguarkis the color charge of the quark, and nis the coupling

coefficient, including A, £and other constants.

This equation can be rewritten as:
V- (E*(1=1Se)) = Pluaric

A.2.2 Solution for a point charge

For a point charge, pguark =g 5@ (r)T*the solution in the spherically symmetric case has the

form:

gre ,
r.
4mr2(1 —nSe(r))

E*(r) =

Near a point charge Sg(r) ~ 1/72, so that the denominator 1 — nSg(r) = 1 — n/r2. This

denominator vanishes at 1, = ﬁ, which corresponds to the confinement surface.

A.2.3 Singularity on the confinement surface

Nearby 7.the field behaves like:
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gT*? 1 .ogre 1
Atr? 1 —12/r? r 8rr, r—r,

E*(r) ~ 7.

This singularity is regularized at the Planck scale ¢:

gT*® ,
4r2(1 — nSe(r) + i€)

E(r) =
where € ~ € /1,.is a small regularization parameter.

A.3 String tension derivation from AU dynamics

A.3.1 String Energy

In the AU approach, the string energy between a quark and an antiquark is determined by the
integral of the square of the field gradient Sg:

Eging(R) = —f | VSg |12 d3x + HenokanbHbii BKNag.
2 CTpyHa
In the limit of large distances R > R_this gives a linear potential:
Estring(R) =oR +0(1),

where the string tension gis defined as:

o

1

where V| is the gradient in the direction perpendicular to the string.

A.3.2 Calculating string tension

For the soliton field profile Sgin the transverse direction:
A
S@ (,0) = Scrit + _e_p/RC:
p
gradient in the transverse direction:

A p
V.S =——eP/Re (1 —) p.
1Se(p) pze —I—R p

c

Substituting into the expression for agives:

A% (*1 p\2
=S| Sewme(142) 2mpd
o e tp dp.
2 ), p* R,
Calculating the integral yields:
mA?
o= )
R?

where Jis a dimensionless integral:
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“1
ﬂzf —e #(1+x)%dx ~ 1.5,
0 X

For A ~ S.+R?and R, ~ 1fm we obtain:

2 4
T[ScritR

o ~
3
R;

~ S2.R, ~ (1010)2. 10715 ~ 1050 fak/m* ~ (440 M3B)?2.

Appendix B. Nonlocal kernel and string potential

B.1 Form of the non-local kernel

In the AU approach, the nonlocal core K (x, y)describes the memory of the thought-form
archive. In the context of confinement, it takes the form:

e—lr—r'l/rc

K(r,r'") = ay

)

| r—71"|

where a,,is the dimensionless constant of non-local coupling, and 7;is the crossing-over scale
(the characteristic size of a hadron, ~ 1fm).

B.2 Derivation of a linear potential from a nonlocal kernel

In the static case and in the weak field approximation, the nonlocal term in the equation for
Segives an additional contribution to the effective potential between the quark and antiquark:

V., (R) = j K (r,7)Se () Se(r") d3r d3r".

For a quark-antiquark pair separated by a distance R, the field Sghas two sources. Substituting
the expression for Kand calculating the integral yields:

—Ir r'|/re
Va(R) = j o S¢ dp dx.

In the limit R > 1, this gives a linear potential:
Va(R) = oR + 0(1),
with string tension:
0 = aySZyTe.
B.3 Comparison with Lattice Data

Lattice calculations yield the string tension o =~ (440 M3B)2. Using 7, ~ 1fm and S_.;; ~ 10%%(in
units of k), we obtain:
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o 1050
~ S2,r.  1020.10-15

A ~ 10_5.

This value is consistent with estimates of nonlocal coupling from other sections of the AU
formalism.

Appendix B. Deconfinement Phase Transition

B.1 Field thermodynamicsSg

At finite temperature, T'the effective field Sgsatisfies the equation of state, in which the entropy
term competes with thermal fluctuations. In the mean-field approximation:

T\
Se(T) =S -(1 ——> ,
o) =Sy (1=
where Syis the field value at T = 0, T,is the critical deconfinement temperature, and Bis the
critical index. In the simplest approximation g = 1/2,.

B.2 Calculation of critical temperature

The critical temperature is determined from the condition:

So(T2) = Sgie

crit ?

where Sc(:t‘)is the temperature-dependent critical value. In the simplest approximation, when

Sritis independent of temperature:

A

TC:k—
B

Scrit'

where Ais the coupling constant linking entropy to temperature.
For Scix ~ 101°(in units kz) and 1 ~ 10~ 3we get:

1073 . 1010

T o~ — 102K ~ 150 MoB.
c~T3sx10- 10 >0 M>

B.3 Entropy jump during phase transition
The deconfinement phase transition is accompanied by a jump in entropy:
ASgeconfinement = So(Te ) — So(T¢H) = So.
This jump manifests itself as the latent heat of the phase transition:
h =T -As(To),

where As(T,)is the jump in entropy density upon transition. In the AU approach, the entropy

density is related to the field Sg:
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s(T) = aa_Tf 1VSo(T) 2 dPx.

When T = T,a jump occurs s(T), which corresponds to latent heat.

Appendix C. Hadron spectrum in the AU model

C.1 Mass formula for hadrons

In the AU approach, the mass of a hadron is determined by the integral of the field Sgover its
volume:

Mhadron = af SG) d3x + .81
afpoH

where aand fare constants depending on the quark composition.
For mesons ( qq):
a X mg + mg, B < a(R).
For baryons ( qqq):
a xmg +mg, +mg, B xa(R).
C.2 Calculation of the masses of known hadrons

Using the AU model parameters determined from cosmological and atomic data, the masses of
known hadrons can be calculated:

Hadron Quark composition Observed mass AU prediction
Peony (1) ud 139.6 MeV ~ 140MeV
Kaon (K™) us 493.7 MeV ~ 490MeV
Proton ( p) uud 938.3 MeV ~ 940MeV
Neutron (n) udd 939.6 MeV ~ 940MeV
J/Y cc 3096.9 MeV ~ 3100MeV
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C.3 Predictions for exotic hadrons

The AU model predicts masses for exotic hadrons:

State Quark composition AU prediction

Scalar glueball0** Purely gluonic 1.73 + 0.05GeV

TetraquarkT s, (2870)° csCs ~ 2.87GeV
PentaquarkP.(4312)" uudccC ~ 4.31GeV
PentaquarkP.(4440)* uudcC ~ 4.44GeV

Appendix D. Glossary of Basic Concepts

D.1 Basic terms

The thought-form entropy field Sg(x)is a fundamental scalar field in the AU ontology,
describing the entropy density of thought-forms (information structures) at a point in abstract
spacetime. It is the primary entity from which spacetime, matter, and gauge fields emerge.

The holographic limit S,,,,is the maximum value of the thought-form entropy field, determined
by the horizon area A using the Bekenstein—Hawking formula: S, = kgc3A,/(4hG).
Violating this limit is impossible within the AU ontology.

Color charge is interpreted in the AU approach as a coherent topological configuration of the
field Sg(analogous to a vortex in non-Abelian gauge theory), and not as a fundamental property
of quarks.

Confinement is an entropic constraint [ _ . 1VSg |> d®x < S.;that prohibits the existence of

an isolated color charge due to the finite information capacity of the AU field.

The nonlocal kernel K (x, y)is a function that describes the memory of the thought-form
archive and modifies the field propagator Sg. In the context of confinement, K (x, y)it forms a
string between a quark and an antiquark, creating a linear potential V(R) = oR.

A string is a one-dimensional channel in which the field Sgreaches a critical value S,;. It creates
a linear potential between a quark and an antiquark with tension ¢ ~ (440 M3B)?.

The tension of a string ois the energy of the string per unit length, determined by the integral

of the square of the field gradient Sg: 0 = %fc |V, Se I dp.

TPyHa
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The Yang—Mills mass gap is the minimum mass of excitations in pure gluon theory. In the AU
approach, it arises as a consequence of the discreteness of possible field configurations Sgdue
to the holographic constraint S;,-

Quark—gluon plasma (QGP) is a state of matter in which the field Sgloses coherence at T > T,
and confinement is lifted. The critical temperature T, ~ 150is 200MeV.

Entropic confinement is a mechanism for confining quarks inside hadrons through the entropic
limitation imposed by the field Sg.

A hadron is a stable entropic structure—a closed field configuration Sgin which the color charge
is completely shielded. The hadron's mass is determined by the integral of the field Sgover its
volume.

D.2 Symbols and designations

Symbol Description Dimension
Se Entropy field of thought forms [J/K]
Sholo Holographic Limit [J/K]
Serit Critical entropy [J/K]
) Integral information [bit]
ES Gluon field strength [indefinite]
Aj Gluon field [indefinite]
o String tension [energy/length]
R, Confinement radius [m]
T. Critical temperature [TO]
A Constant of the CP-violating term [indefinite]
& Constant of the entropy-dependent term [indefinite]
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Symbol Description Dimension
n Coupling coefficient in the equation for the color field [m?]

K(x,y) Non-local kernel [indefinite]

D.3 Abbreviations

e AU — Acta Universi

e QCD — Quantum Chromodynamics

e QGP — Quark-gluon plasma

e AdS/CFT — Anti-de Sitter / Conformal Field Theory ( correspondence )
e DGL - Dual Ginzburg-Landau theory Ginzburg — Landau )

e EST — Effective String Theory ( effective theory strings )

e BOEFT — Born-Oppenheimer Effective Field Theory ( theory effective fields Born -
Oppenheimer )

e LHCb — Large Hadron Collider beauty ( experiment at LHC)
e BESIIl — Beijing Spectrometer Ill (an experiment in China)
e STAR — Solenoidal Tracker At RHIC ( experiment on RHIC)
e PTA — Pulsar Timing Arrays ( pulsar timing arrays )

e LISA — Laser Interferometer Space Antenna (space detector of gravitational waves)
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    S Θ  ( r ) ∝ 1 /   r 2


  r → ∞


    C 1


    S Θ


  K  (  x ,  y )


   ∫  K  (  x ,  y )   S Θ  ( y )   d 4 y


    V  eff  ( R ) =   V  Coulomb  ( R ) +   V  nl  ( R ) ,


    V  nl  ( R )


  R


    V  nl  ( R ) = 𝜎 R ,


  𝜎 =  1 2   ∫  струна ∣ ∇   S Θ  ∣ 2 d 𝜌 + нелокальный вклад .


  K  (  x ,  y )


    S Θ


  K  (  x ,  y )


  y


    S Θ


  x


   ∇  𝜇   F  a 𝜇 𝜈 + 𝜆   Φ     S Θ    ∇  𝜇     F ~  a 𝜇 𝜈 + 𝜉     𝜕  𝜇   S Θ   𝜕  𝜈   S Θ    ∇  𝜇   F  a 𝜇 𝜈 = g   J  a 𝜈 .


    S Θ


  □   S Θ +   m  S 2   S Θ +  ∫  K  (  x ,  y )   S Θ  ( y )   d 4 y =   𝜆  8 𝜋 G   F  𝜇 𝜈  a   F  a 𝜇 𝜈 .


  Φ


  Φ


    S Θ


  Φ


    S Θ


    S Θ


  K  (  x ,  y )


    S  holo


    S Θ


    S Θ


  𝜆   Φ     S Θ  Tr  (   F  𝜇 𝜈     F ~  𝜇 𝜈 )


  𝜉     𝜕  𝜇   S Θ   𝜕  𝜈   S Θ  Tr  (   F  𝜇 𝜌   F    𝜌  𝜈 )


    S Θ


  Φ


    𝜃  eff =   𝜃 0 + 𝜆   Φ     S Θ


    m  g 2  (   S Θ ) ∝ 𝜉 ∣ ∇   S Θ  ∣ 2


    E  a  ( r ) = g   T  a /  [ 4 𝜋   r 2  ( 1 − 𝜂   S Θ  ( r ) ) ]   r ^


    r  c =  𝜂


    S Θ


    𝜆  8 𝜋 G   F  𝜇 𝜈  a   F  a 𝜇 𝜈


  K  (  x ,  y )


  V  ( R ) = 𝜎 R


  𝜎 ≈    ( 440  МэВ ) 2


    S Θ


  K  (  x ,  y )


    S  crit


  V  ( R ) = 𝜎 R


  𝜎 ≈    ( 440  МэВ ) 2


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


  𝑲  (  𝒙 ,  𝒚 )


  K  (  x ,  y )


    S Θ


  x


  y


  y


  x


  R


    S Θ


   ∫  K  (  r ,    r ′ )   S Θ  (   r ′ )     d 3   r ′ .


  K


  K  (  r ,    r ′ ) =   𝛼  nl     e  − ∣ r −   r ′ ∣ /   r  c  ∣ r −   r ′ ∣ ,


    𝛼  nl


    r  c


    r  c


  ∼ 1


  A


  B


    S Θ


  K


  R


  K


    𝑺  crit


    S Θ


    S  crit


    S Θ


    S Θ  ( r ) ≥   S  crit   для  r ∈ струна ,


    S  crit


    S  crit = 𝛾   S  holo ,


  𝛾 ∼ 0 . 1


  0 . 2


    S Θ


  K  (  x ,  y )


    S Θ


  R ≫   r  c


    V  nl  ( R ) = 𝜎 R + 𝒪  (   e  − R /   r  c ) ,


  𝜎


  K  (  x ,  y )


    S Θ


  K  (  x ,  y )


    V  total  ( R ) =   V  Coulomb  ( R ) +   V  AU  ( R ) ,


    V  Coulomb  ( R ) = −  4 3     𝛼  s  R


    V  AU  ( R )


    S Θ


    V  AU  ( R ) =  1 2   ∫  струна ∣ ∇   S Θ  ∣ 2 d 𝜌 + нелокальный вклад ,


    V  AU  ( R ) = 𝜎 R +   V 0 ,


  𝜎


    V 0


    S Θ


  R ≫   r  c


    S Θ  ( r ) ≈   S  crit +   A  𝜌   e  − 𝜌 /   r  c ,


  𝜌


    V  AU


  𝜎 =  1 2   ∫  − ∞ ∞ ∣  ∇ ⊥   S Θ  ∣ 2 d 𝜌 ,


   ∇ ⊥


  𝝈 ≈    ( 𝟒 𝟒 𝟎  МэВ )  𝟐


  𝜎 ≈    ( 440  МэВ ) 2


  ∼ 1


    S Θ


    S Θ


  𝜎 =   𝜉 2   ∫  − ∞ ∞ ∣ ∇   S Θ  ∣ 2 d 𝜌 ∼   𝜉   S  crit 2    r  c 2 .


  𝜉 ∼ 1


    S  crit ∼  10 10


    k  B


    r  c ∼ 1


  𝜎 ∼      (  10 10 ) 2     (  10  − 15  м ) 2 ∼  10 50     Дж/м 2 ∼    ( 440  МэВ ) 2 .


  𝜎 ≈    ( 440  МэВ ) 2


  𝜉


    S  crit


    r  c


    S Θ


    S Θ


    ∫  объём ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit ,


    S  crit


    S Θ


    ∫  объём ∣ ∇   S Θ  ∣ 2   d 3 x ∼     S  поверхность 2   ℓ 2 ,


  ℓ


    S  поверхность <   S  crit  1 / 2 ℓ .


  𝒒   𝒒 -


    S  holo


    ∫  объём ∣ ∇   S Θ  ∣ 2   d 3 x ≥   S  crit .


  q   q -


    S  holo


    S  holo


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x


    S  holo


    S Θ


    S Θ


    S Θ


    S Θ


  K  (  x ,  y )


  K  (  x ,  y )


    S Θ


    S  crit


  V  ( R ) = 𝜎 R


  𝜎 ≈    ( 440  МэВ ) 2


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


  q   q -


    S  holo


    S Θ


    S Θ


    𝑺  𝚯


  K  (  x ,  y )


  V  ( R ) = 𝜎 R


  𝜎 ≈    ( 440  МэВ ) 2


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


    S Θ


    S Θ


    R  c


    C  𝜇 𝜈


    S Θ


  □   S Θ +   m  S 2   S Θ +  ∫  K  (  x ,  y )   S Θ  ( y )   d 4 y =   𝜆  8 𝜋 G   F  𝜇 𝜈  a   F  a 𝜇 𝜈 .


    𝜕  t   S Θ = 0


  K = 0


   ∇ 2   S Θ −   m  S 2   S Θ = −   𝜆  8 𝜋 G   C    r 4 ,


  C = Tr  (   T  a   T  a )


    S Θ  ( r ) =   S 0 +   A  r   e  −   m  S r +   B    r 2   e  −   m  S r ,


    S 0


    S Θ


  A


  B


  r → 0


  B /   r 2


  r → ∞


    S 0


  K  (  x ,  y )


    S Θ  ( r ) =   S 0 +   A  r   e  − r /   R  c +   B    r 2   e  − r /   R  c ,


    R  c


    R  c ∼  1     m  S 2 +   𝛼  nl /   r  c 2 .


  𝒓 <   𝑹  𝒄


  r ≪   R  c


    S Θ  ( r ) ≈   B    r 2   при  r → 0 .


    S Θ


  ℓ


    S Θ


    S  holo


  r ∼ ℓ


    S Θ  ( r ) ≈ B /   r 2


    E  a  ( r ) =   g   T  a  4 𝜋   r 2  ( 1 − 𝜂   S Θ  ( r ) )   r ^ ,


  r <   r  c =  𝜂 B


  𝒓 ≫   𝑹  𝒄


  r ≫   R  c


    S Θ


    S Θ  ( r ) ≈   S 0 +   A  r   e  − r /   R  c .


    R  c


    E  a  ( r ) ≈   g   T  a  4 𝜋   r 2  ( 1 − 𝜂   S 0 )   r ^ ,


    S Θ


  1 /   r 2


    S 0


    𝑺  𝟎


    S Θ  ( r ) →   S 0


  r → ∞


    S Θ


    S 0


   ⟨   q - q ⟩ ∝   S 0


   ⟨   G  𝜇 𝜈  a   G  a 𝜇 𝜈 ⟩ ∝ ∣ ∇   S 0  ∣ 2


    S Θ


    𝑹  𝒄


  𝜼


  𝝀


  𝝃


    R  c


    R  c = f  (  𝜂 ,  𝜆 ,  𝜉 ,    S 0 ,    m  S ) ,


  𝜂


  ∇ ⋅  (   E  a  ( 1 − 𝜂   S Θ ) ) =   𝜌  quark  a


  𝜆


  𝜆   Φ     S Θ  Tr  (   F  𝜇 𝜈     F ~  𝜇 𝜈 )


  𝜉


  𝜉     𝜕  𝜇   S Θ   𝜕  𝜈   S Θ  Tr  (   F  𝜇 𝜌   F    𝜌  𝜈 )


    S 0


    S Θ


    m  S


    S Θ


    R  c =  𝜂 ⋅ ℱ  (    𝜆   S 0  𝜉 ,    m  S ) .


    R  c ∼ 1


    r  c =  𝜂


    r  c ∼ 1


  𝜂 ∼  10  − 30


    R  c


    R  c =  𝜉   S 0 2 /  ( 𝜆   m  S 2 )


    R  c ∼ 0 . 8


  1 . 2


    𝚲  QCD


   Λ  QCD ≈ 200


  300


  R ∼ 1 /  Λ  QCD ∼ 1


    R  c


   Λ  QCD


    S Θ


   Λ  QCD ∼   ℏ c    R  c ∼   ℏ c   𝜂 ∼   ℏ c   𝜉   S 0 2 /  ( 𝜆   m  S 2 ) .


   Λ  QCD


    R  c


  ∼ 0 . 8


  0 . 9


  J / 𝜓


    R  c


    S Θ


    R  c


   Λ  QCD


    𝑪  𝝁 𝝂


    C  𝜇 𝜈


    S Θ


    C  𝜇 𝜈  ( x ) =  ⟨   𝜕  𝜇   S Θ  ( x )   𝜕  𝜈   S Θ  ( x ) ⟩ ,


    A  𝜇  a


    A  𝜇  a  ( x ) =  ∫    𝒫  𝜇  a 𝜈  (  x ,  y )     C  𝜈 𝜌  ( y )     d 4 y ,


  𝒫


    S Θ


    C  𝜇 𝜈


  ∣ ∇   S Θ  ∣ 2


    C  𝜇 𝜈


    S Θ


    C  𝜇 𝜈


    𝑺  𝚯


    S Θ


    𝛼  s


    S Θ


    𝛼  s  eff  (   S Θ ) =   𝛼  s   ( 0 ) ⋅ ℱ  (   S Θ ) ,


  ℱ  (   S Θ )


    S Θ


    S Θ


    S Θ


    S Θ


    S Θ


    S 0


  r → ∞


    C  𝜇 𝜈


    S Θ


    S Θ


    S Θ


    S Θ  ( 𝜌 ) =   S  crit +   A  𝜌   e  − 𝜌 /   R  c ,


  𝜌


    S Θ


    S  dilaton  ( z ) = k   z 2 .


    S Θ


    S Θ


    S Θ


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


    S  crit


  U  ( 1 )


    S Θ


    S Θ


    S Θ


    S Θ  ( r ) =   S 0 +  ( A / r )   e  − r /   R  c +  ( B /   r 2 )   e  − r /   R  c


    S Θ ∼ 1 /   r 2


    S 0


    R  c


  𝜂


  𝜆


  𝜉


    S 0


    m  S


  ∼ 1


   Λ  QCD


    R  c ∼ 1 /  Λ  QCD


    C  𝜇 𝜈 =  ⟨   𝜕  𝜇   S Θ   𝜕  𝜈   S Θ ⟩


    S Θ


    S Θ →   S 0


  r → ∞


    S Θ


    S Θ


    S Θ


    S Θ


    T  c ∼ 150


  200


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


  K  (  x ,  y )


  V  ( R ) = 𝜎 R


    R  c ∼ 1


    S Θ


    S Θ


    T  c


    T  c ∼ 150


  200


    T  c


    T  c ∼ 155


    T  c ≃ 160


    T  d ≃ 285


  T ∼ 150


  200


    T  QCD ∼ 150


    Z 3


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x


    S Θ


    S  crit


    S  crit


    𝑺  𝚯


    𝑺  𝚯


    S Θ


    S Θ


    S Θ


  T


    S Θ


    S Θ  ( T ) =   S 0 ⋅    ( 1 −   T    T  c )  𝛽 ,


    S 0


  T = 0


    T  c


  𝛽


  𝛽 = 1 / 2


  T →   T  c


    S Θ


    ∫  объём ∣ ∇   S Θ  ∣ 2   d 3 x → 0 <   S  crit .


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


    S Θ


    S Θ


    𝑺  𝚯 → 𝟎


    S Θ  ( T ) <   S  crit   ( T ) ,


    S  crit   ( T )


  T >   T  c


    S Θ


    S Θ


  T =   T  c


    S Θ


    S Θ


    S Θ → 0


    S Θ


    S Θ


  Δ   S  deconfinement =   S Θ  (   T  c − ) −   S Θ  (   T  c + ) ≈   S 0 ,


    S 0


    S Θ


  s  (   T  c ) /   T  c 3


  h


    S Θ


  s  (   T  c ) =   𝜕  𝜕 T  ∫ ∣ ∇   S Θ  ∣ 2   d 3 x  ∣  T =   T  c ,


  h =   T  c ⋅ Δ s  (   T  c ) ,


  h =   T  c ⋅ Δ s  (   T  c ) ,


  Δ s  (   T  c )


    𝑻  𝒄


    𝑻  𝒄


  T = 0


    S Θ


    S 0


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x


    S  crit


    S Θ  (   T  c ) =   S  crit   (   T  c ) .


    S Θ  ( T ) =   S 0    ( 1 − T /   T  c )  𝛽


    S  crit


    T  c =     S 0  1 / 𝛽    S  crit  1 / 𝛽 ⋅   T 0 ,


    T 0


    𝑻  𝒄 ≈ 𝟏 𝟓 𝟎


  𝟐 𝟎 𝟎


    T  c ∼ 155


    S 0


    S  crit


    T  c =   𝜆    k  B   S  crit ,


  𝜆


  𝜆 ∼  10  − 3


    S  crit ∼  10 10


    k  B


    T  c ∼    10  − 3 ⋅  10 10  1 . 38 ×  10  − 23 ∼  10 12  К ∼ 150  МэВ .


    T  c ≈ 150


  200


    T  c


    S Θ


    T  c ≃ 160


    T  d ≃ 285


    S Θ


    𝑻  𝒄


    𝜇  B


    𝜇  B = 0


    𝜇  B


    S Θ


  □   S Θ +   m  S 2   S Θ +  ∫  K   S Θ =   𝜆  8 𝜋 G   F  𝜇 𝜈  a   F  a 𝜇 𝜈 .


    𝜇  B


    F  𝜇 𝜈  a   F  a 𝜇 𝜈


    S Θ


    𝜇  B


   (    T  c ,    𝜇  B , c ) ≃  ( 114 , 602 )


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x =   S  crit


    𝜇  B ,   𝜇  Q ,   𝜇  S


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x =   S  crit


    S Θ


    S Θ


    S Θ


  T =   T  c


    T  c ≃ 160


    T  d ≃ 285


    S Θ


    S Θ


  p  ( T ) =  1 3  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x ,


  𝜀  ( T ) =  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x + T   𝜕  𝜕 T  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x ,


  𝜀  ( T ) =  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x + T   𝜕  𝜕 T  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x ,


  s  ( T ) =   𝜕  𝜕 T  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x .


  s  ( T ) =   𝜕  𝜕 T  ∫ ∣ ∇   S Θ  ( T )  ∣ 2   d 3 x .


    S Θ


    S Θ


    S Θ


    S Θ


  T =   T  c


    S Θ


    S Θ


    T  c ∼ 155


    𝜇  B


    S Θ


  T >   T  c


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


    T  c = 𝜆   S  crit /   k  B


    T  c ∼ 150


  200


    T  c


    T  c ≃ 160


    T  d ≃ 285


    S Θ


    S Θ


    S Θ


    S Θ


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


  K  (  x ,  y )


  V  ( R ) = 𝜎 R


    S Θ


    S Θ


    S Θ


    S Θ


  q   q -


  q q q


    S Θ


    S Θ


    Q  color  ( адрон ) =  1  4 𝜋   ∮  𝜕 ℳ ∇   S Θ ⋅ d S = 0 .


    S Θ


    S Θ


    S Θ


    S  holo


    S Θ


    S 0


    S Θ


    S  crit


    S Θ


    S Θ


    S Θ


    S Θ


    S  holo


    S Θ


   10 34


    S Θ


  B = 1


  ∼ 15


    S Θ


    S Θ


    𝑺  𝚯


    S Θ


    M  hadron = 𝛼   ∫  адрон    S Θ     d 3 x + 𝛽 ,


  𝛼


  𝛽


    S Θ


  c


  b


    S Θ


    S Θ


    S Θ


    m  n = n ⋅ C


  n


  C


    S Θ


  𝜶


  𝜷


  𝛼


  𝛽


  𝛼 ∝   ∑  i    m    q  i ,   𝛽 ∝ 𝜎  ⟨ R ⟩ ,


    m    q  i


  𝜎


   ⟨ R ⟩


  q   q -


  𝛼


  𝛽


  q q q


  𝛼


  𝛽


    S Θ


    m  q =   𝛾  q   ∫  кварк    S Θ     d 3 x ,


    𝛾  q


  u , d , s , c , b , t


    𝜋 +


  u   d -


  ∼ 140


    K +


  u   s -


  ∼ 490


  p


  u u d


  ∼ 940


  n


  u d d


  ∼ 940


  J / 𝜓


  c   c -


  ∼ 3100


  ∼ 1


  2 %


  ∼ 1 . 3


    S Θ


  u u d


  u d d


  q   q -


  q q q


  q q   q -   q -


  q q q q   q -


    S Θ


    S Θ


  K  (  x ,  y )


    S Θ


    T  c s 0 ∗    ( 2870 ) 0


    B − →   D −   D 0   K  S 0


    S Θ


    S Θ


  q q   q -   q -


    S Θ


    S Θ


  q q q q   q -


    S Θ


    S Θ


    S Θ


  B → D   D - h


    S Θ


  1 . 5


  2 . 5


  m  (  0  + + ) = 1 . 73 ± 0 . 05


  4 . 3


  4 . 5


  q   q - g


    S Θ


  1 . 0


  1 . 4


  − 0 . 382


  0 . 7


  1 . 2


  − 0 . 217


    S Θ


  F ∼ − 0 . 38


  ∣ ∇   S Θ ∣ ∼   F  𝜆 ∼   0 . 38  ГэВ/фм  𝜆 ,


  𝜆


    S Θ


  ∇   S Θ


    S Θ


    S Θ


    S Θ


    S Θ


    S Θ


  Δ = 1 . 983 ± 0 . 026


   𝜎 = 440 ± 5


  m  (  0  + + ) = 1 . 73 ± 0 . 05


    S Θ


    S Θ


    S  holo


    S Θ


    S Θ


    M  hadron = 𝛼  ∫    S Θ     d 3 x + 𝛽


  J / 𝜓


    S Θ


    T  c s 0 ∗    ( 2870 ) 0


  ∼ − 0 . 38


  1 . 0


  1 . 4


    S Θ


    S Θ


  m  (  0  + + ) = 1 . 73 ± 0 . 05


   𝜎 = 440 ± 5


    S Θ


    S Θ


  K  (  x ,  y )


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x <   S  crit


  q   q -


  q q q


  q q   q -   q -


  q q q q   q -


    D 0   D 0   𝜋 +


   Λ  c +   D  s −


    D  s +   𝜋 +


    S Θ


    S Θ


  K  (  x ,  y )


    P  c    ( 4312 ) +


    P  c    ( 4440 ) +


  P  ( 4 c b )


    P  b   b - +


    𝑺  𝚯


    S Θ


    S Θ


    S Θ


    M  glueball =   𝛼  g   ∫  глюбол    S Θ     d 3 x +   𝛽  g ,


    𝛼  g


    𝛽  g


  m  (  0  + + ) = 1 . 73 ± 0 . 05


    S Θ


  Δ = 1 . 983 ± 0 . 026


   𝜎 = 440 ± 5


  m  (  0  + + ) = 1 . 73 ± 0 . 05


    S Θ


    S  holo


    S Θ


    S Θ


    v 0  (   p  T )


    v 0  (   p  T )


    v 0  (   p  T )


    S Θ


    T  c


    S Θ


    p  T


    v 0  (   p  T )


     s  N N = 5 . 02


    v 0  (   p  T )


    p  T


    v 0  (   p  T )


    S Θ


    S Θ


  K  (  x ,  y )


    S Θ


  M ≲ 1


    S Θ


    S Θ


   ∫ ∣ ∇   S Θ  ∣ 2   d 3 x =   S  crit


    S Θ


    S Θ


    S Θ


  T ∼ 150


  200


    T  QCD ∼ 150


    S Θ


  T >   T  c


    S Θ


  T <   T  c


    S Θ


    S Θ


    S Θ


    g  𝜇 𝜈 =   𝜂  𝜇 𝜈 + 𝛽     𝜕  𝜇   S Θ   𝜕  𝜈   S Θ + …


   Λ  QCD ∼ 200


    S Θ


    S Θ


    S Θ


    S Θ


    S Θ


  𝜆   Φ     S Θ  Tr  (   F  𝜇 𝜈     F ~  𝜇 𝜈 )


    S Θ


    S Θ


    S Θ


    S  holo


    S Θ


    S Θ


  𝜆   Φ     S Θ


    S Θ
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