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Foreword

This book is a genuine attempt to engage with a period of stagna-
tion that many in the field of foundational physics have come to
acknowledge. For more than a couple of decades, two paradigms
of modern physics—the Standard Model of elementary particles
(SM) and the A-Cold Dark Matter (ACDM) model of cosmology—
have continued to pass every precision test while, at the same time,
facing a growing list of puzzles, anomalies, and tensions that nei-
ther model explains from first principles. This stagnation is not
experimental; the data pipeline has been anything but quiet. It
is theoretical: a wide lack of consensus on what, if anything, lies
beyond these two frameworks, and a growing suspicion within
the community that the standard toolkit—field theory built on the
classical action principle, conventional consistency requirements,
perturbation theory, and equilibrium statistical mechanics—may
be approaching the limit of its validity.

This monograph does not claim to end that stagnation. It of-
fers a single, well-motivated framework of ideas for why it persists,
and a mathematical language in which to explore it. The hypothe-
sis, stated plainly, is this: many of the open puzzles of the SM and
of ACDM are not isolated failures of otherwise robust theories, but
symptoms of a couple of common and largely unexamined ideal-
izations,

1) Spacetime has a fixed, scale-independent integer num-
ber of dimensions at every conceivable energy scale,

2) Physical systems evolve in or near thermodynamic
equilibrium, obey exact unitarity and locality, and fol-
low the classical action principle at every conceivable
energy scale.
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We argue that these idealizations, however well they serve the in-
frared (IR), low-energy regime for which they were formulated

and tested, are not guaranteed to survive extrapolation to the deep

ultraviolet (UV) sector of particle phenomenology or to the far-
from-equilibrium conditions of the primordial Universe. Where

these assumptions break down, we propose that spacetime dimen-
sionality turns into a dynamical, scale-dependent quantity, whose

evolution is governed by the mathematics of complex dynamics—
bifurcation theory, chaos and multifractal geometry, self-organized
criticality, fractional dynamics and generalized entropy. As the

book argues, aside from Dimensional Regularization of Quantum

Field Theory (QFT), there are essentially three independent routes

linking field theory to the continuously evolving dimensionality

of spacetime far above the electroweak scale, namely:

1) Emergence of nontrivial attractors in the Renormalization Group
(RG) theory of phase transitions,

2) Onset of Hamiltonian Chaos in the phase-space of noninte-
grable systems, either strongly coupled or having many de-
grees of freedom,

3) Triviality of the Higgs sector and SM in exactly four-spacetime
dimensions.

Dimensional Regularization goes beyond the conventional prin-
ciples of QFT by analytically continuing spacetime dimension to
non-integer values. Although this procedure has traditionally been
viewed as a purely formal tool, recent mathematical research proves
that such continuation is consistent only if loop integrals are inter-
preted as integrals over fractal measures, rather than smooth mani-
folds.

Independently, we argued over the years that the onset of a
spacetime with evolving fractality is formally equivalent to criti-
cal behavior in continuous dimensions, where scale separation man-
dated by the Decoupling Theorem fails, nonlinear dynamics be-
comes inevitable and complexity takes over. The last two decades
have consistently shown that both the Cantor Dust concept of Dark
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Matter and evolving spacetime dimensionality can lead to key de-
velopments in high-energy theory, Statistical Physics, self-organized
systems, fractional dynamics, as well as Astrophysics and Cosmol-
ogy.

Readers already familiar with the technical literature that un-
derlies this book will recognize the argument as a synthesis. Every
substantive claim developed here has already been presented in
previously cited research articles that this volume organizes and
consolidates under a single line of reasoning. The contribution
this book makes is not a new derivation buried in each chapter;
instead, each chapter represents a specialized component of the
overall picture. The book covers a variety of topics such as Hopf
bifurcation in the Higgs sector, the multifractal foundation of Di-
mensional Regularization, a numerical study of Cantor Dust as a
Dark Matter candidate. Taken together and organized around the
thesis of evolving spacetime dimensionality above the electroweak
scale, the book develops a rather ambitious framework of unify-
ing ideas. Whether this conceptual framework ultimately survives
scrutiny is, of course, for the reader—and for the wider research
community—to judge. Itis offered here not as settled doctrine but
as “work in progress”, deliberately assembled to be evaluated as
a whole.

It is worth being explicit, from the outset, about what kind
of book this is and is not. It is not an undergraduate or intro-
ductory graduate textbook; it does not re-derive Quantum Field
Theory (QFT), General Relativity (GR), or the standard cosmo-
logical model from scratch, and it assumes the reader is fluent
in these subjects. It is not a popular-science account, and it does
not shy away from technical jargon—Path Integrals, Renormaliza-
tion Group (RG) flow, bifurcation diagrams, multifractal spectra,
Rényi and Tsallis entropies—as required by content. It is also not
a claim of empirical discovery: no new particles, no new observa-
tional signature, and no experimental confirmation are reported
here. Instead, the book is an extensive argument that the well-
developed methodology of complex dynamics deserves serious con-
sideration as foundational tool in high-energy physics and cosmol-
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ogy, complementing canonical principles such as gauge symme-
try and general covariance. On account of its inherent memory
and long-range spatial properties, - while being directly inaccessible
in the deep UV sector of particle physics or primordial Cosmol-
ogy - complex dynamics leaves a host of detectable signatures in
low-energy phenomena, including (but not limited to) the many
puzzles and anomalies seen today.

The book is organized into eight parts. The first introduces
the conceptual framework of complex dynamics above the elec-
troweak scale and reframes Dimensional Regularization—traditionally
treated as a purely formal device for controlling divergences in
QFT—as hinting to a genuine physical process, the so-called dimen-
sional flow. The second and third parts examine the consequences
of abandoning classical integrability and near-thermodynamic equi-
librium conditions above the electroweak scale. It is argued there
that, in extreme dynamical regimes, the stationary-action princi-
ple breaks down to be replaced by a description based on general-
ized entropy, chaotic attractors, and self-organized criticality. The
fourth part turns to the origin of mass, fermion mixing, and the fla-
vor structure of SM. There, we argue that these main attributes of
SM follow from applying complex dynamics to the physics of di-
mensional flow. The fifth part shows how classical gravity of GR
can be recovered from primordial dimensional fluctuations. The
sixth and seventh parts apply the same framework to cosmology,
arguing for a multifractal Cantor Dust reinterpretation of Dark
Matter and tracing the oy tension, recent DESI results, and other
structure-formation anomalies to an evolving spacetime fractality
in the primordial Universe. The eighth part steps back to assess-
ing the framework as a whole and to lay out the open problems it
leaves for future work. A set of appendices collects the mathemati-
cal background—multifractal and Rényi-entropy formalism, Hopf
bifurcation theory, Cantor-set constructions, and the technique of
Dimensional Regularization—needed to follow the development
of these ideas without constant appeal to outside sources.

A word on how to read this book. It is not necessary to pro-
ceed strictly in order. A high-energy theorist primarily interested
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in the origin of mass and the flavor puzzle may move directly to
parts I, III, and IV; a cosmologist concerned with the Dark Mat-
ter problem and the o4 and DESI anomalies may prefer instead I,
VI, and VII; a reader whose primary background is in nonlinear
dynamics and who wants to see how bifurcation theory and mul-
tifractal geometry make contact with gauge theory and GR may
want to begin with part I and read straight through. In every case,
Iis the recommended point of entry, since it establishes the shared
vocabulary—dimensional flow, generalized entropy, multifractal
measure and so on—on which every later part depends.

Finally, an acknowledgment of the obvious. A framework this
broad, covering topics from the mass spectrum of the Standard
Model (SM), the structure of the Higgs sector, the nature of Dark
Matter, and the statistics of cosmic structure formation, invites—
as it should—a correspondingly high standard of scrutiny. It is
offered here in that spirit: not as a complete theory ready to be
accepted, but as a coherent and, we hope, sufficiently well-argued
hypothesis to be tested, criticized, extended, or discarded by the
community of researchers equipped to do so. If this book suc-
ceeds, it will not be because it has settled any of the questions it
raises, but because it clearly states what the challenges are, offer-
ing unforeseen answers and inviting independent evaluation by
the research community at large.
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—Why Complex Dynamics?

Traditional textbooks on Statistical Physics typically cover the topic
of large many-body systems in thermodynamic equilibrium. An im-
plicit assumption of this classical paradigm is that small fluctua-
tions away from equilibrium relax to zero in a finite lapse of time.
The assumption extends to transient perturbations that do not im-
pact the global stability of the system or produce unpredictable
outcomes in the long run.

By contrast, the last decades have consistently shown that most
many-body systems driven by nonlinear interactions evolve in out-
of-equilibrium conditions. These conditions apply to a vast array of
collective phenomena, from early Universe cosmology to climate
science, evolution of living organisms, social interactions, molecu-
lar dynamics, information networks, collective processes in fluids
and plasma, and relativistic heavy ion collisions in high-energy
physics. As of today, the consensus is that the science of complex
many-body systems in non-equilibrium conditions has gained sig-
nificant ground, with notable contributions across various disci-
plines.

Complex dynamics is customarily characterized by the following
properties:

a) nonlinear, dissipative and nonlocal interactions be-
tween components,

b) enabling emergence of instability and chaos,
c) enabling self-organization and adaptive behavior,
d) generating unforeseen outcomes and patterns,

e) unfolding on multiple scales, displaying memory ef-
fects and an endless game of cooperation and compe-
tition.

13
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As alluded to in the Foreword, applying complex dynamics to the-
oretical physics requires a slew of unconventional tools such as the
analysis of chaos and multifractal geometry, non-extensive statis-
tics, self-organized criticality, and fractional dynamics.

I.1 A Confirmed Theory with an Unexplained Struc-
ture

The Standard Model of Particle Physics (SM) is, by any reasonable
metric, the most successful theory in the history of science. Every
elementary particle it predicted has been found; every coupling it
fixes has, once measured, been confirmed to remarkable precision
by subsequent experiments; the 2012 discovery of the Higgs boson
closed its last major question related to the internal consistency
of SM. And yet, to this day, SM remains an incomplete account
of Nature. It requires about twenty-six free parameters—quark
and lepton masses, mixing angles and CP-violating phases in both
the quark and neutrino sectors, gauge couplings, the Higgs mass
and self-coupling—whose numerical values are simply supplied
by hand, fitted to experiment, with no principle internal to the the-
ory that fixes them or explains why they take the values they do.
The fermion mass spectrum alone spans roughly thirteen orders
of magnitude, from the lightest neutrino to the top quark, with no
accepted dynamical mechanism generating this hierarchy from a
simpler underlying structure. The Higgs mass sits uneasily low
relative to the quantum corrections a generic ultraviolet comple-
tion would induce—the hierarchy or naturalness problem—and
the measured top-quark mass places the Higgs potential uncom-
fortably close to the boundary of vacuum stability, a coincidence
with no accepted explanation. Also with no compelling explana-
tion is the proven failure of the Higgs model in exactly four space-
time dimensions (the so-called triviality problem). Meanwhile,
direct searches for the new particles that were widely expected
to resolve these puzzles—supersymmetric partners, Technicolor
resonances, extra-dimensional Kaluza-Klein excitations—have re-
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turned null result after null result at the Large Hadron Collider,
pushing the scale of any new physics ever higher and straining
the naturalness arguments that motivated the search for it in the
first place.

None of these results represent a failure of the SM as an effec-
tive field theory, which continues to work spectacularly, within its
range of validity. What it constitutes is the absence of a robust
explanation for the origin of its free parameters, of a universally
accepted resolution to its internal fine-tuning problems, and, so
far, of any experimental hint pointing toward a specific comple-
tion. It is this absence, sustained now across several decades of in-
creasingly precise null results, that motivates the central question
of this book: not whether SM is correct, but whether its underly-
ing assumptions—locality, unitarity, integrability, renormalizabil-
ity, decoupling of the IR and UV observation scales, absence of
anomalies and, most importantly, the constant integer dimension-
ality of spacetime background—remain valid all the way up to the
energy scales at which its free parameters might, in principle, be
recovered.

I.2 Observational Cosmology: A Standard Model
with Growing Conceptual Issues

A structurally similar situation confronts observational cosmology.
The ACDM model—cold dark matter plus a cosmological constant,
evolving within General Relativity (GR)—fits an extraordinary
range of observations, from the cosmic microwave background
(CMB) power spectrum to large-scale structure surveys, with a
mere handful of parameters. Yet each of its main ingredients re-
mains either undetected or, increasingly, in tension with the data
used to constrain it. Dark Matter, which makes up roughly five-
sixths of the matter content of the Universe on the standard pic-
ture, has never been detected in any direct-detection, indirect-detection,
or collider experiment, despite several decades of steadily improv-
ing searches; the space of viable particle candidates has been nar-
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rowed but not closed off, and no laboratory signature has yet dis-
tinguished among the remaining possibilities. At the same time,
a cluster of tensions internal to ACDM has deepened rather than
being resolved with better data: the anomalous evidence for early
massive galaxies and quasars in the deep field observations of the
James Webb Space Telescope (JWST), the cusp-core and missing-
satellites problems, the “too-big-to” fail problem, and the persis-
tent S8 tension between weak-lensing and CMB-inferred cluster-
ing amplitudes — suggests that structure formation may depart
from the scale-independent-gravity assumption of the standard
ACDM paradigm. In particular, the amplitude of matter cluster-
ing inferred from weak gravitational lensing and cluster counts
(parametrized by oy, or its close relative Sy ) sits persistently below
the value predicted by extrapolating the CMB to late times; the lo-
cally measured expansion rate of the late Universe remains in ten-
sion with the value inferred from the early Universe; and small-
scale structure observations—the cores of dwarf-galaxy halos, the
census of satellite galaxies around the Milky Way, the apparent
absence of the very largest sub-halos predicted by simulations—
continue to sit awkwardly against the predictions of collisionless
cold Dark Matter. Most recently, results from the Dark Energy
Spectroscopic Instrument (DESI) have added a further, and ar-
guably more fundamental, complication: baryon acoustic oscilla-
tion (BAO) measurements across multiple data sets show a prefer-
ence, at increasing statistical significance, for a Dark Energy equa-
tion of state that evolves with cosmic time, directly challenging the
ACDM cosmology.

Individually, each of these tensions allows for conventional so-
lutions: better systematics, careful control of bias in modelling
assumptions, an as-yet-undetected particle with slightly unusual
properties, a still-undiscovered astrophysical feedback mechanism,
and a statistical fluctuation that will regress toward the standard
prediction with more data. Any of these solutions may yet prove
to be correct for any given anomaly, taken in isolation. What is
increasingly harder to dismiss is the pattern that emerges when
the tensions are considered together: essentially every departure
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from the ACDM baseline appears where the model is extrapolated
furthest from the regime in which it was originally calibrated—to
the smallest scales, to the earliest epochs, or to the most nonlin-
ear stages of structure formation. This is precisely the pattern one
would expect if the difficulty lay not in any single ingredient of
the model but in an assumption common to all of them.

1.3 Two Paradigms, One Diagnosis

The particle-physics puzzles of Section 1.1 and the cosmological
tensions of Section 1.2 are, in the conventional division of labor
within Theoretical Physics, treated as belonging to entirely sep-
arate domains, addressed by largely non-overlapping communi-
ties, using largely non-overlapping tools of analysis. This book
proceeds from the conviction that this separation, however natu-
ral administratively, is artificial and has long obscured a common
root. Current puzzles arise at the extremes of the environments in
which our two great frameworks were built and tested: the deep
ultraviolet (UV) limit placed well above the electroweak scale and
both primordial and present-day sectors of the Universe, where
QFT, GR and standard Cosmology are routinely extrapolated to.
A natural assumption is that these extreme scales, cosmic epochs,
and nonlinear regimes are far removed from the near-equilibrium,
weak-field conditions under which our paradigms were originally
formulated for and evaluated. In both these dynamic regimes, the
same four idealizations are tacitly at work: that physical systems
evolve in or near thermodynamic equilibrium; that the number of
spacetime dimensions is fixed at an integer value, conventionally
four, at every conceivable observation scale; that quantum evolu-
tion and interactions stay exactly unitary and local at arbitrarily
high energy; and that the classical dynamics underlying field the-
ory is integrable, allowing a stationary-action (Hamiltonian) de-
scription with no genuine sensitivity to initial conditions. Each
of these four assumptions is entirely reasonable—indeed, essen-
tially forced—in the regime of directly tested physics: at collider-
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accessible energies, in the late, linear Universe, and in weakly cou-
pled, near-equilibrium settings of laboratory experiments. None
of the four, however, is a hard proven assertion. Each act as an ide-
alization whose validity has never been firmly established outside
the boundaries of our current knowledge.

The key leitmotif of the book is that these four idealizations are
the common background for the open puzzles described above,
and that they necessarily lead to a specific, fully tractable frame-
work provided by complex dynamics.

I.4 How Complex Dynamics Enters the Picture

Complex dynamics, in the sense used throughout this book, refers
to a well-established body of mathematical tools developed orig-
inally to describe collective, far-from-equilibrium, nonlinear, and
self-organizing physical systems; bifurcation theory, which clas-
sifies the qualitative transitions a dynamical system undergoes as
a control parameter is varied; deterministic chaos, in which sen-
sitive dependence on initial conditions produces effectively un-
predictable long-term behavior from entirely deterministic equa-
tions of motion; multifractal geometry, which generalizes the no-
tion of dimension from a fixed integer to a continuous spectrum
of scaling exponents defining an inhomogeneous measure; frac-
tional dynamics, which studies systems using differential opera-
tors of non-integer order suitable for modeling nonlocal phenom-
ena endowed with memory, self-organized criticality, in which
extended dissipative systems spontaneously evolve toward a crit-
ical, scale-invariant state without fine-tuning of any external pa-
rameter; and generalized entropy measures which extend the addi-
tive, equilibrium entropy of Boltzmann and Gibbs to systems with
long-range correlations, multifractal structure, or genuine non-equilibrium
dynamics. None of this mathematics is either new or speculative:
it underlies well-developed, empirically confirmed descriptions of
turbulence, phase transitions, population dynamics, condensed-
matter applications, and a wide range of other collective phenom-
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ena across science. The novelty of the viewpoint advanced here is
that complex dynamics supplies the correct language for describ-
ing matter and spacetime in far-from-equilibrium settings, intro-
duced in Sections 1.1 and 1.2, where the four idealizations of Sec-
tion 1.3 are most likely to fail.

The book is organized in the following way. Part I (“On the
Onset of Complex Dynamics in Foundational Physics”) lays the con-
ceptual groundwork, introducing complex dynamics in a theoreti-
cal physics context and developing dimensional flow as its central
driving mechanism. Parts II (“Breakdown of Hamilton’s Principle
and Integrability above the Electroweak Scale”) and I1I (“Entropy Flow,
Criticality, and Emergent Spacetime Dimensions”) examine the break-
down of classical integrability and thermodynamic equilibrium
above the electroweak scale and develop the generalized-entropy
and self-organized-criticality as defining features of this regime.
Part IV (“Mass Generation and the Flavor Composition of the Standard
Model”) applies complex dynamics to mass generation and the fla-
vor structure of the SM. Part V (“Classical Gravity from Complex Dy-
namics”) extends the formalism to the phenomenology of classical
gravity. Parts VI (“Dark Matter as Cantor Dust”) and VII (“Observa-
tional Cosmology and Primordial Structure Formation™) turn to Cos-
mology, developing the Cantor Dust model of Dark Matter and
its consequences for structure formation, the oy tension, and the
DESI results. Part VIII (“Synthesis and Outlook”) synthesizes the
framework as a whole and outlines the open problems it leaves
for future analysis, while a limited set of appendices collects the
necessary mathematical background for readers who wish to re-
view the formal content at hand without leaving the book.

In a nutshell, our book may be best characterized as a research
monograph advancing a novel theoretical framework. Its main
purpose is engaging the interested readers, stimulating further
evaluation and development by experts in the field, rather than
establishing a definitively settled theory.
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On the Onset of Complex
Dynamics in Foundational
Physics
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Introduction to Complex Dynamics of
Non-Equilibrium Systems

Ervin Goldfain
Global Institute for Research, Education and Scholarship (GIRES), USA

ervingoldfain@gmail.com

Abstract

Complex dynamics (CDYN) is present across many fields of human activity, from physics, so-
cial sciences, political and financial affairs, to biology, geophysics, internet traffic, social media
and weather forecasting. It exhibits robust large-scale regularities despite operating in a di-
versity of contexts. This paper unveils a unified framework for describing CDYN, based on
non-equilibrium statistical physics. Emphasis is placed on the role of continuous and scale-
dependent dimensions, anomalous transport, generalized entropies, and Renormalization Group
(RG) flows in organizing macroscopic behavior. We argue that complexity is not an emergent
accident but the natural outcome of systems operating near critical manifolds in phase space,
often maintained through self-organized criticality (SOC). The paper introduces a lexicon of
foundational concepts to standardize language across disciplines and prepare the ground for a
systematic theory of CDYN applicable primarily to field theory and cosmology.

Key words: complex dynamics, non-equilibrium systems, nonlinear science and complex phe-
nomena, field theory, cosmology.

1 Introduction

Complex Dynamics (CDYN) studies the behavior of systems comprising many interacting degrees
of freedom, whose collective behavior cannot be inferred from either linear superposition or equi-
librium conditions. Hallmarks of such systems include scale invariance, long-range correlations,
memory effects, intermittent fluctuations, anomalous transport, and sensitivity to initial conditions.
Traditional theoretical frameworks—based on integer-dimensional geometry, local interactions, and
Gaussian statistics—are often inadequate to describe these complex phenomena. In our view, it
is for this reason that both contemporary cosmology and the Standard Model of particle physics
(SM) continue to be challenged by many outstanding puzzles.

Over the past several decades, multiple lines of inquiry have converged toward a new paradigm.
For example, fractional calculus has revealed that nonlocality in time and space provides a natural
language for memory effects and anomalous diffusion. Multifractal analysis has shown that fluctu-
ations are often organized on hierarchies of interwoven singularities rather than homogeneous sets.
Self-organized criticality (SOC) has proven that systems far from equilibrium can dynamically tune
themselves to critical states without external fine-tuning. Renormalization Group (RG) methods
have clarified how the onset of macroscopic universality emerges from microscopic complexity.

More recently, the notion of dimensional flow, the scale or time dependence of effective dimen-
sionality, has emerged as a unifying concept. In this picture, space, phase space, or configuration
space need not possess a fixed integer dimension. Instead, the operational dimension associated
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with physical processes evolves with scale, energy, or cosmic time. This insight has profound im-
plications for field theory, particle physics, condensed matter phenomena, pattern formation, and
cosmology.

The goal of this paper is twofold. First, articulate the operational principles underlying CDYN,
emphasizing mechanisms rather than specific models. Second, establish a common lexicon that
bridges disciplines and clarifies how concepts such as fractional dynamics, SOC, anomalous diffusion,
and generalized entropies interlock within a single theoretical framework. This lexicon is not
intended as a glossary of “buzzwords”, but as a transparent set of definitions based on dynamic
and statistical principles.

2 Lexicon of Core Concepts

2.1 Critical Behavior in Continuous Dimension

Critical behavior in continuous dimension refers to phase transitions or scale-invariant regimes
occurring in systems whose effective spatial, spectral, or phase-space dimension is non-integer and
scale-dependent. Unlike classical criticality defined at fixed integer dimensions, critical exponents
and universality classes here vary continuously, reflecting the underlying fractal or multifractal
geometry of the system.

2.2 Fractional Dynamics and Fractional Field Theory

Fractional dynamics generalizes classical equations of motion by replacing integer-order derivatives
with fractional (non-integer) derivatives in time and/or space. Fractional field theory extends
this idea to fields, incorporating nonlocal operators that encode memory, long-range interactions,
and anomalous scaling. These frameworks naturally arise in disordered media, turbulence, and
spacetime with fractal structure.

2.3 Self-Organized Criticality (SOC)

Self-organized criticality describes the spontaneous evolution of driven, dissipative systems toward a
critical state characterized by scale invariance and power-law statistics. Unlike equilibrium critical
phenomena, SOC does not require fine-tuning of control parameters; instead, feedback between
slow driving and fast relaxation maintains the system near a critical manifold.

2.4 Dimensional Flow

Dimensional flow is the scale-, energy-, or time-dependence of the effective dimension governing
physical processes. It may involve the Hausdorff dimension, spectral dimension, or information
dimension. Dimensional flow provides a unifying description of scale-dependent transport, field
propagation, and entropy production in complex and quantum-gravitational systems.

2.5 Multifractal Analysis

Multifractal analysis characterizes systems whose measures are distributed over a hierarchy of
intertwined fractal subsets, each with its own scaling exponent. Instead of a single dimension, a
spectrum of generalized dimensions governs the statistics of fluctuations, intermittency, and singular
structures, particularly in turbulence, deterministic chaos and critical phenomena.

24



2.6 Rényi and Tsallis Entropies

Rényi and Tsallis entropies generalize the Boltzmann—Gibbs entropy to systems with long-range
correlations, multifractality, or non-ergodic dynamics. Rényi entropy provides a moment-based
characterization of probability distributions, while Tsallis entropy introduces a nonadditive param-
eter that quantifies deviations from extensivity and underlies g-statistics.

2.7 Bifurcations and Pattern Formation

Bifurcations are qualitative changes in system behavior induced by smooth variations of control
parameters. Pattern formation arises when instabilities amplify specific modes, leading to spatial
or temporal structures. In complex systems, bifurcations often occur on fractal sets in parameter
space and are strongly influenced by nonlocal interactions.

2.8 Complex Ginzburg-Landau Equation

The Complex Ginzburg-Landau Equation (CGLE) is a universal amplitude equation describing the
evolution of slowly varying modes near instability thresholds. It unifies pattern formation, nonlinear
waves, spatiotemporal chaos, and synchronization, and serves as a bridge between microscopic
dynamics and macroscopic order.

2.9 Chaos and Hamiltonian Chaos

Chaos refers to deterministic dynamics exhibiting exponential sensitivity to initial conditions and
long-term unpredictability. Hamiltonian chaos arises in conservative systems and is characterized
by mixed phase space, resonances, and transport via stochastic layers. In many-body systems,
chaos underpins thermalization and entropy production.

2.10 Renormalization Group (RG)

The RG formalism studies how system descriptions change under scale transformations. RG identi-
fies fixed points, critical manifolds, and flow trajectories that govern universality and scaling laws.
In complex dynamics, RG extends beyond equilibrium to non-equilibrium, fractional, and systems
endowed with evolving dimensions.

2.11 Non-Equilibrium Dynamical Systems

Non-equilibrium dynamical systems operate far from thermodynamic equilibrium and lack detailed
balance. They exhibit sustained fluxes, entropy production, and time-dependent structures. Many
complex systems, including biological, ecological, and cosmological systems, belong intrinsically to
this class.

2.12 Anomalous Diffusion

Anomalous diffusion describes transport processes in which the mean squared displacement scales
nonlinearly with time. It reflects the presence of long-range correlations, trapping, or fractal ge-
ometry and is naturally modeled using fractional diffusion equations and continuous-time random

walks (CTRW).
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2.13 Lévy Flights/Transport

Lévy flights and Lévy transport are stochastic processes characterized by step-length distributions
with heavy power-law tails, leading to rare but dominant large jumps. They underlie super-diffusive
transport and are common in turbulent flows, financial systems, and foraging dynamics.

2.14 Fractional Statistics (g-Statistics)

Fractional or g-statistics generalize classical statistical mechanics to systems with long-range in-
teractions, memory, or multifractal phase space. Governed by a deformation parameter g, these
statistics interpolate between Gaussian and heavy-tailed distributions and provide a thermody-
namic framework for complex systems.

3 Operational Axioms of Complex Dynamics

In what follows, we formulate CDYN in terms of a minimal set of operational axioms. These axioms
do not specify the underlying microscopic behavior of complex systems but constrain the class of
admissible dynamics capable of producing complexity.

Axiom I: Scale Dependence of Observables

Physical observables depend explicitly on the resolution scale at which they are probed. Effective
laws are therefore not invariant under scale transformations but evolve continuously with scale. This
implies that parameters, dimensions, and couplings are running quantities rather than constants.

Axiom II: Nonlocality in Time and/or Space

Complex systems exhibit memory and long-range interactions. Operationally, this requires
the use of nonlocal operators—most naturally expressed through fractional derivatives or integral
kernels. Local differential equations emerge only as limiting cases.

Axiom III: Breakdown of Extensivity

The additivity of entropy and energy fails in the presence of long-range correlations or multifrac-
tal phase space. Statistical descriptions must therefore be generalized beyond Boltzmann—Gibbs
thermodynamics.

Axiom IV: Dynamical Access to Critical Manifolds

Complex systems evolve toward extended critical regions in phase space rather than isolated
critical points. These regions act as attractors organizing large-scale behavior.

Axiom V: Emergent Dimensionality

The effective dimension governing dynamics is not fixed a priori. Instead, it emerges dynami-
cally and may vary with scale, time, or energy. Integer-dimensional behavior is recovered only in
restricted regimes.

Axiom VI: Universality Through Coarse-Graining

Despite microscopic diversity, macroscopic behavior falls into universality classes determined
by symmetry, conservation laws, and effective dimensionality. Renormalization Group (RG) flows
formalize this principle.

4 Dimensional Flow, RG Evolution, and Self-Organized Critical-
ity (SOC)

This section establishes the structural equivalence between dimensional flow, RG evolution, and

SOC.
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4.1 Dimensional Flow as Order Parameter

Let D(¢) denote a generic effective dimension measured at the scale ¢. In complex systems, D (/)
is not constant but flows between asymptotic values:

DUV — D(f) — DIR-

This flow governs transport, spectral properties, and entropy production.

4.2 RG Interpretation

RG transformations act by coarse-graining degrees of freedom. In systems with evolving geometry
or multifractal structure, RG flow induces dimensional renormalization:

dD
dln/

= fBp(D),

where Bp encodes the coupling between geometry and dynamics. Fixed points of this flow corre-
spond to scale-invariant regimes, also referred to equilibrium states.
4.3 SOC as Fixed Manifold of the RG Flow

SOC corresponds not to a fine-tuned RG fixed point but to a self-sustained fixed manifold. Slow
driving pushes the system away from criticality, while fast relaxation restores it. This feedback
mechanism dynamically locks the system onto a critical RG trajectory.

By definition, SOC implies:

e no external tuning of control parameters,
e persistent dimensional flow,

e scale-free avalanches and transport.

4.4 Unified Picture

Dimensional flow provides the geometric foundation, RG provides the coarse-graining dynamics,
and SOC supplies the feedback mechanism. Together, they define a closed operational framework
for complexity.

5 Applications

We briefly illustrate how operational principles of CD manifest across various sectors of physics
phenomena.

5.1 Turbulence and Intermittency

Turbulent flows exhibit multifractal energy dissipation, anomalous scaling of structure functions,
and Lévy-like transport. Turbulent flows are similar to fractional dynamics, which capture non-
local energy transfer, and to dimensional flows, which encode the transition from smooth flow to
intermittent cascades.
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5.2 Pattern Formation and Spatiotemporal Chaos

Near instability thresholds, the Complex Ginzburg-Landau Equation (CGLE) governs amplitude
dynamics. Fractional generalizations of CGLE account for nonlocal coupling and fractal media,
producing complex spatiotemporal patterns and chaotic attractors.

5.3 Transport in Disordered and Biological Media

Anomalous diffusion and Lévy flights dominate transport in porous media, cellular environments,
and ecological systems.

5.4 Many-Body Chaos and Thermalization

Hamiltonian chaos underlies entropy growth and equilibration in isolated many-body systems.
When phase space is fractal or weakly ergodic, generalized entropies and g-statistics replace con-
ventional equilibrium thermodynamics.

5.5 Cosmology and Multifractal Spacetime

At cosmic scales, evolving dimensionality offers a natural explanation for scale-dependent clustering,
anomalous growth of matter structures, and deviations from standard Gaussian statistics. From
this standpoint, Cantor Dust thus becomes a fundamental ingredient of spacetime itself.

6 Outlook

The framework outlined so far suggests that complexity is not a special feature of select systems
but a generic outcome of dynamics on evolving, non-integer dimensional structures emerging in
far-from-equilibrium conditions. Hence, fractional dynamics, dimensional flow, and self-organized
criticality are not auxiliary tools but foundational elements of a unified theory of complex systems.

7 Fractional RG and Evolving Dimensions

7.1 Fractional Coarse-Graining

Let a system be described by a field ¢(x,t) living in an effective space with scale-dependent di-
mension D(¢). Assuming that variational principles are still applicable in mild non-equilibrium
conditions, the dynamics is controlled by a fractional action

5= [ara® O [o° (0 n(-8)") 6+ 2] o]

where a € (0,2] determines spatial nonlocality and ¢ encodes nonlinear coupling in multifractal
phase space. Under the scale transformation

T — b, t — b°t,
the fractional Laplacian scales as
(_A)oz/Q N b—oz(_A)oz/Q’

yielding the fractional dynamic exponent
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7.2 Dimensional RG Flow

We define the effective spectral dimension dg(¢) = D({) as,
_dlnP({)
dlnt ~’

where P({) is the return probability of a diffusion process occurring on the underlying geometry.
The dimensional RG flow equation takes the generic form

dD
dln/

D(t) =

- IBD (D7 «, q)7
with fixed points satisfying
Bp(Dx) = 0.

These fixed points correspond to scale-invariant cosmological regimes, while the slow drift between
these regimes is a manifestation of dimensional flow.

7.3 Fixed Manifolds of RG Flows

Unlike equilibrium systems, complex dynamics generically exhibits fixed manifolds rather than
isolated points:

Mcrit — {(D,Oé,q) | 52 = O}
Self-organized (SOC) systems dynamically evolve toward this manifold through continuous feedback

between driving (cosmic expansion) and dissipation (formation of galactic structures), which ensures
stability against perturbations.

8 Generalized Entropy Production and Scaling Laws

8.1 Entropy Growth in Multifractal Phase Space

For a probability measure {p;} distributed on multifractal support, the generalized entropy of order

q reads
1 q

The rate of entropy production can be presented as
as,
229 g () 00
o ~ o0

with exponent
n(f) = D(6)(1—q)

where o(¢) is the scale-dependent entropy flux.

8.2 Scaling of Correlations

Two-point correlation functions scale as

C(r) = (p(0)(r)) ~ r~ P20
with anomalous dimension
n=n(D,a,q).
In SOC systems, n varies continuously with the observation scale, reflecting criticality in continuous
dimension.
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9 SOC and Cosmology

This section tailors the CDYN framework specifically to cosmological dynamics, viewed as a self-
organizing, far-from-equilibrium system.

9.1 Cosmology as Non-Equilibrium Critical System

As previously stated, the Universe is continuously driven by expansion and dissipates through
cosmic structure formation. These ingredients satisfy the defining conditions of SOC, namely,

e slow driving: cosmic expansion,
e fast relaxation: gravitational clustering,
e scale-free response reflected on the onset of power-law correlations.

In this interpretation, the large-scale structure of the Universe naturally evolves toward a cosmo-
logical critical manifold.

9.2 Dimensional Flow in Cosmic Structure Formation

Let the effective spatial dimension governing clustering be D(z), evolving with redshift z. The
growth of matter perturbations § obeys

6+ 2H6 = 4rGps = 6(k,z) ~ kP73,
As the Universe evolves toward late times,
D(z) =3 —¢€(z), e(z) >0,
leading to:
e suppressed small-scale power,
e reduced clustering amplitude,
e scale-dependent growth rates.

This behavior is the cosmological analogue of SOC saturation.

9.3 SOC Interpretation of Large-Scale Anomalies

Within this framework:
e Power-law clustering arises from criticality,
e Deviations from standard growth are a consequence of dimensional flow,

The Universe does not sit at a fixed point of dimensional flow but self-organizes along a critical
trajectory in parameter space.
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9.4 Fractional Transport and Cosmic Diffusion
Effective transport of matter and information follows from an anomalous diffusion process,
(r (1) ~ 7/,

with @ < 2 at late cosmic times (low redshift z) due to the onset of multifractal geometry. This
setting changes clustering statistics and entropy growth without violating the principles of local
dynamics.

10 Unified Picture: Complexity as an Organizing Principle

Complex dynamics emerges when:
1. geometry becomes scale-dependent,
2. dynamics becomes nonlocal,
3. Entropy becomes nonadditive,
4. systems self-tune to criticality.

In this picture of CDYN, SOC, fractional dynamics, and dimensional flow are therefore not distinct
dynamic mechanisms but complementary aspects of a single operational framework.

11 CDYN and Particle Physics

We put forward several contributions bridging the gap between CDYN and particle physics which
has provided new insights into the foundational structure of the Standard Model (SM). Below is a
concise overview of these contributions.

11.1 Bifurcations and the SM Composition

The bifurcation model of SM posits that the entire gauge and flavor makeup of particle physics
emerge from sequential bifurcations induced by the self-interaction term of the Higgs potential. In
this framework, classical fields develop through self-similar cascade of period doubling bifurcations.

11.2 Bifurcations and Feynman Diagrams

We draw a connection between the universal bifurcation scenario and Feynman diagrams. In this
picture, self-similarity and scaling properties of bifurcation phenomena relate to the amplitudes of
particle interactions described by Feynman diagrams.

11.3 Three Generations of Fermions

Triplication of fermion generations in the Standard Model follows from the onset of bifurcations in
the neutrino sector of the bifurcation branching process.

11.4 The Origin of C and CP Violations

Both C (charge) and CP (charge-parity) violation in the electroweak sector appear to be direct
consequences of the bifurcation dynamics.
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11.5 The Square of Masses Relationship

We deploy the tools of multifractal analysis to derive a fundamental relationship between the square
of particle masses and the square of the electroweak scale set by the vacuum expectation value of
the Higgs boson, namely v = 246 GeV.

11.6 Ratios of Particle Masses and the Feigenbaum Constant

Using the RG flow driven by dimensional deviation from four spacetime dimensions, we link the
ratios of particle masses to the Feigenbaum constant, which characterizes the scaling behavior of
chaotic maps.

11.7 Higgs Mechanism and Fermion Mixing Angles

Our research also reveals that that the Higgs mechanism and the generation of fermion mixing
angles can be linked to dynamic onset of the Hopf bifurcation and the formation of limit cycles.

11.8 Ultraviolet Turbulence in Quantum Chromodynamics (QCD)

We point out that the asymptotically free model of QCD fails in the deep ultraviolet sector (UV);
instead, the coupling exhibits intermittent behavior, stemming from the multiplicative noise induced
by dimensional fluctuations. We find that this turbulent regime leads naturally to a multifractal
attractor, consistent with a Cantor-Dust description of ultraviolet physics.

12 Conclusions

We have outlined a unified theory of CDYN based on operational principles rather than model-
specific assumptions. By combining fractional field theory, RG methods, generalized entropies,
and dimensional flow, we have pointed out how complexity arises naturally in systems evolving in
out-of-equilibrium conditions.

When applied to cosmology, this framework suggests that large-scale structure formation is
governed by SOC on evolving, multifractal geometries. The Universe operates near—but not exactly
at—criticality, with dimensional flow encoding its long-term behavior. By the same token, when
applied to particle phenomena, CDYN generates unexpected outcomes consistent with experimental
observations and fit to explain some of the outstanding open questions facing SM.

This perspective opens a path toward a genuinely non-equilibrium, scale-adaptive theory of
cosmological evolution and particle phenomenology. The diagram below is a condensed account of
our paper.
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Abstract

As of today, Quantum Field Theory (QFT) and General Relativity (GR) are broadly recognized
paradigms of foundational physics. There are, however, growing suspicions that both paradigms
fail to hold somewhere above the Standard Model (SM) scale and in the realm of primordial
cosmology. Evidence collected on multiple fronts indicates that emergence and complexity are
universal features of far-from-equilibrium systems with many degrees of freedom. In line with
these findings, Part 1 of the report explores the complex dynamics of evolving dimensional fluc-
tuations beyond the SM scale. Part 2 outlines the role of complex dynamics in the nonintegrable
sector of particle physics, Dark Matter condensation and the gravitational regime of the early
Universe.

Key words: Non-equilibrium critical phenomena, Self-Organized Criticality, Standard Model,
fractal spacetime, multifractals, emergence, complex dynamics.

Cautionary remarks

We caution from the outset that the sole intent of this report is to lay the groundwork for further
exploration of the topic. Exclusively presented in a preliminary form, our analysis is far from
completion and far from meeting the quality standards of a formal research project. The style and
presentation do not comply with traditional academic standards. Independent work is needed to
develop, validate, or reject the hypotheses presented here. Readers unfamiliar with the topic are
encouraged to carefully review the enclosed references prior to drawing premature conclusions.

1 Introduction and Motivation

The last decade has shown that large systems of nonlinearly interacting components are prone
to slide outside thermodynamic equilibrium and become nonintegrable in the long run. Reliable
modeling of such systems requires new concepts and methods inspired by chaos theory, multifrac-
tal geometry, non-equilibrium critical phenomena, self-organized criticality (SOC), and fractional
calculus. These non-conventional tools form the mathematical basis of complex dynamics [1, 6-7,
9-14, 16-17, 23, 29].

A fundamental assumption of QFT is that its vacuum state is a large many-body system of
quantum fluctuations whose dynamics follows the framework of equilibrium thermodynamics. There
is no guarantee that this conjecture will continue to hold above the low-energy scale of the SM.
On the contrary, many condensed matter studies consistently suggest the opposite: on high-energy
scales, unbalanced vacuum fluctuations are likely to slide outside equilibrium and the perturbative
treatment of conventional QFT is prone to break down. When driven far away from thermodynamic
equilibrium, complex systems are known to exhibit emergent dynamics stemming from the interplay
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between nonlinear interaction of components and steady dissipation. As paradigm of this type of
emergent behavior, SOC has a vast range of applications extending from astrophysics, natural
hazards and magnetospheric physics, to complex networks, internet dynamics, biophysics, and
social sciences [15, 24].

According to [1], there is a tentative path leading from Dimensional Regularization procedure
of QFT to fractal spacetime, on the one hand, and to fractional dynamics, on the other. Both
concepts require passage to a spacetime endowed with continuous dimensions, which are conjectured
to flow with the observation scale. This viewpoint offers unforeseen insights on the deep ultraviolet
extension of Effective Field Theory (EFT). At the same time, they are manifestly at odds with
most SM extensions, Quantum Gravity theories or field unification models.

In a nutshell, fractals and multifractals define the underlying geometry of complex behavior for
systems evolving in far-from-equilibrium conditions. To appreciate the alleged impact of fractal
spacetime beyond the boundaries of EFT, we bring up two textbook examples:

1) Perturbative QFT is an archetype of EFT which lies at the foundation of the SM for particle
physics. Although astonishingly successful in matching results from collider data, QFT is
confronted by many drawbacks. It is known, for instance, that amplitude computations are
at best asymptotic expansions, meaning that Feynman diagrams fail to uncover the true
dynamics of the theory. Non-perturbative QFT methods have been partially successful, yet
it is fair to say that, for the most part, the underlying physics of QFT remains unknown. In
addition, there are several caveats and patches needed to secure self-consistency demanded
by the principles of QFT.

2) Another often cited paradigm of an EFT is General Relativity (GR), whose validity rests on
the principle of general (or diffecomorphism) covariance. This principle asserts that all physical
laws must take the same mathematical form regardless of the coordinate system used by ob-
servers in arbitrary relative motion. Stated differently, general covariance means invariance
of physical laws under all possible coordinate transformations. An implicit assumption of
general covariance is that any coordinate transformation and its inverse are smooth/analytic
functions that can be differentiated arbitrarily many times. However, it is known that there
is a plethora of non-differentiable curves and surfaces in Nature, as abundantly discovered
since the introduction of fractal geometry in 1983. The unavoidable conclusion is GR assigns
a preferential status to differentiable transformations, which is at odds with the very spirit
of general covariance. In addition, the singularity problem, the relentless instability of the
transient regime of GR, and the N-body problem are likely tied to the transition from deter-
ministic to a self-sustained complex evolution in the primordial stages of Universe formation
[28 - 30, 33-34].

Experimental and numerical evidence of recent years indicates that emergence and complexity
are universal features of far-from-equilibrium systems having many degrees of freedom. In line with
these findings, several independent research works point to indirect hints for a spacetime endowed
with minimal fractality, likely to develop somewhere above the SM scale [5, 12-13, 17-22, 25-27].

The report is divided into two parts. Part 1 explores the complex dynamics of evolving dimen-
sional fluctuations above the SM scale. In support of this scenario, the Appendix section bridges the
gap between universal route to chaos and the flavor composition of the SM. Part 2 outlines the role
of complex dynamics in the nonintegrable sector of particle physics, the formation of Dark Matter
as large-scale dimensional condensate and the gravitational regime of the primordial Universe.
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2 From Dimensional Regularization to fractal spacetime

There are several ways of introducing the concept of spacetime continuum whose non-integer dimen-
sions evolve with the observation scale [1, 20-21]. To make the paper self-contained and for the sake
of clarity, we begin by iterating here the arguments for fractal spacetime inspired by Dimensional
Regularization program of QFT [1].

It is known that Euclidean formulation of the Path Integral in QFT enables a useful analogy
between QFT and critical phenomena. To this end, consider the two-point function of massive
scalar field theory. The Euclidean propagator in momentum space is given by

1

De(p) = ———
E(p) p2+m2

(1)

and the correlation function of the corresponding statistical system is

4p exp(ipx
(pla)eto)) = [ b P 2

in which [p?| = pup, and pzr = p,x,. In the limit m|z| > 1, (2) is well approximated by,

(p(2)(0)) ~ |;‘Qexp<—mrx\> (3)

Let us assume that the field is placed on a four-dimensional lattice of points separated by a fixed
spacing a = Al}%/, in which Ay is the cutoff scale. The spatial coordinate is then,

2] = Na=NAGL, N1 (4)

and (3) can be written as,
{enpo) o exp[—=N(m/Ayv)] (5)

By analogy with statistical mechanics, (5) defines the dimensionless correlation length according
to,

{(¢npo) o exp(—N/§) (6)
where,
g= 1 (7

Dimensional Regularization in momentum space sets up a relationship between the cutoff scale
Apy and the dimensional deviation from four-space dimensions () =4 — d(p) < 1 as in

Afyy =y exp(1/e) > i’ (8)
where 1 is the running scale. The asymptotic limit m = O(u) < Ayy leads to the raw estimate,
e(p) =4 — d(p) = O[m*(u) /Afy] < 1 (9)
By (7) and (9), we arrive at the effective approximation,
E(p) o [e(u)] 12 (10)
As a diverging correlation length is a characteristic feature of critical phenomena, (10) indicates

that removing the dimensional regulator in QFT (that is, taking the classical continuum limit
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e — 0) is analogous to tuning the corresponding statistical system towards the critical point [8, 17,
20-21]. In this sense, (10) underlies the idea of criticality in continuous dimension d(¢), conjectured
to play a key role in the ultraviolet regime of field theory and primordial cosmology. Since, by
definition, fractal structures are characterized by continuous dimensions and are the underlying
geometry of both critical phenomena and chaotic behavior, (10) leads to the conclusion that taking
the limit ¢ — 0 in Dimensional Regularization turns the classical spacetime into a minimal fractal

manifold (MFM).

3 Complex dynamics of evolving spacetime dimensions

Reaction-diffusion processes are a subset of complex phenomena defined within the framework
of Non-equilibrium Statistical Physics [2-3, 16]. These models are typically formulated in d + 1
dimensions, where d is the dimension of the Euclidean manifold representing the physical space
and t is the time coordinate. Reaction-Diffusion models on discrete manifolds (called lattices) are
characterized by the following features,

a) local variables reside at lattice sites,

b) reaction chains are driven by probabilistic transition rules among sites.

We consider below a toy Reaction-Diffusion model acting on a two-dimensional lattice (d = 2),
whose local variables are time-varying dimensional deviations [de(t)], referred herein to as “dimen-
sional pixels”. The model is built on four premises, namely,

A1) At any given moment “t”, a pixel consists of a pair of lattice sites that are either occupied
(1) or empty (0) and are located horizontally adjacent to each other.

A2) The representative pixel states are listed as,

[0(8)] = {[0,1]; [1,0]; [1,1]; [0,0]}

A3) There are four transpositions among these binary states from time “t” to time “t + dt”,
that is,

[1] — [0] self-annihilation (11a)
[1] — [1] 4+ [1] decay/percolation (11b)
[1] + [1] — [0] pair annihilation (11c)
[1] +[1] — [1] clustering (11d)

A4) Following ref. [1] and figs. 1 - 2 below, dimensional pixels undergo transition events
between “t” and “t 4 dt” as described by,

11,0 2 [0, 1] (12a)
[1,1] % [1,0],[0,1] (12b)
[17 0]7 [07 1] £> [17 1] (120)

Here, (12a) denotes a scattering event at rate D, (12b) a clustering event at rate u and (12c¢) a
decay (or percolation) event at rate kK = A — A, with X\ being a control parameter approaching its
critical value A..
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Up to a leading order approximation, the macroscopic attributes of Reaction-Diffusion processes
may be encoded in a mean-field (MF) equation [2], which quantifies the competition between
losses and gains in density p(t). In particular, the decay/percolation process occurs with a rate
proportional to kp(t) and leads to a gain in density. By contrast, the clustering process (12b) drops
the density with a rate proportional to up?(t). Ignoring diffusion (12a), the resulting MF equation
takes the form

Op(t)

o rp(t) — up?(t) (14)

In the context of our paper, the control parameter \(t) = A[de(t)] represents the density of dimen-
stonal pizvels de(t) < 1 while p(t) denotes the density of active (or unstable) lattice sites.

N I

Fig. 1: Left panel: Scattering, Right panel: Clustering ([2])

A S

Fig. 2 Left panel: Decay/Percolation, Right panel: Annihilation ([2])

The MF equation (14) exhibits a two-phase configuration: an absorbing phase with a vanishing
density of active sites (p = 0) below the critical point A, and an active phase with a steady-state
density p = k/u # 0 above the critical point A..

If the starting point of the time evolution is a fully occupied lattice p(0) = 1, the solution of

(14) reads,
K

plt) = (15)

u— (u— k) exp(—kt)
Relation (15) shows that, when the percolation rate vanishes at the critical point kK = A — A\, = 0,
the density of unstable states drops asymptotically as in
lim p(t) = (1 4 ut) ™" 16
lim p(t) = (1+ ut) (16a)

or,

plt) ~ ! (16b)

By (16a) and (16b), the number of unstable/active sites eventually goes to zero and the dynamics
of dimensional deviations slows down. It follows that, in the far infrared regime (¢t — o0), spacetime
settles in a stationary state matching the classical limit de = O(p) — 0.

Before proceeding further, a few cautionary remarks are in order:
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a) Clearly, by design, the scenario embodied in (A1) — (A4) is merely a convenient simplification.
Any realistic model of pixels defined in continuous spatial dimensions must necessarily include
infinite sets of non-integer pairs having the form,

[6e(t)] = {[on, B1]; [, Bal; ... [an, Bn]}e (17)
in which N — oo and oy, 8; are arbitrary numbers with
0<ao;<1; 0B <1, a;# B (18)

b) It can be argued that, on Euclidean spacetime endowed with continuous dimensions, the
deviations de and their fluctuations de play an identical role with the coefficients g, of a
corresponding non-Euclidean metric [see e.g. 5]. Stated differently, a flat spacetime endowed
with a fractal structure may be considered as dual to a curved manifold. On this basis, a
reasonable assumption is that classical gravitation is implicitly accounted for in the Reaction-
Diffusion model detailed above.

c¢) The stability of the MF solution with respect to perturbations can be studied in a variety of
ways. In a general scenario, for example, one accounts for the combined effects of diffusion
(D), Gaussian noise ¢(¢) and random fluctuations 7(¢) on the percolation parameter,

Kk — K+ n(t) (19)
In this scenario, (14) gets upgraded to a Langevin type equation, namely,
op(t)
8(t = rp(t) — up?(t) + DAp(t) + (1) + p(t)n(t) (20)

As discussed in [2-3, 16] and the complex dynamics literature, the generic model (20) has ap-
plications across a wide range of topics, including (but not limited to) percolation phenomena,
epidemics spreading, forest fires, earthquake propagation, lattice dynamics with long-range
correlations, spin glasses, spatiotemporal patterns in condensed matter physics, random graph
theory, galaxy clustering, large network dynamics and so on.

4 From Reaction-Diffusion processes to Self-organized Criticality
(SOC)

Of particular interest is the relationship between the Reaction-Diffusion model previously outlined
and Self-organized Criticality (SOC). Among the many ways to unveil this connection a straightfor-
ward approach is to supplement (14) with a driving source whose function is to boost dimensional
instability and prevent relaxation. Adding to the percolation rate a time-independent source term
E turns (14) into [4]

Ip(t)

o = (5 + E)pt) —up’(t) (21)
According to [4], since F is a conserved quantity (E = 0), it can be conveniently used as control
parameter instead of . Following this scenario, the critical point is reached at E, = —x and (21)

replicates the fized sandpile model of SOC, whose steady state is determined by E. The impact
of SOC on the non-integrable sector of particle physics and early Universe cosmology is covered in
Part 2 of this report.

In closing Part 1, we again emphasize that the hypotheses detailed here, despite offering en-
couraging leads forward, are strictly provisional thoughts. Much remains to be done to debunk,
confirm, or place these ideas on a more robust foundation.
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APPENDIX

Feigenbaum’s Universality and the dynamic structure of the SM

The Reaction-Diffusion model (14) with v = 1 may be analyzed as an iterated map operating in
discrete time ¢, = nAt, n =1,2,... N. Setting

0 —
op N Pn+1 — Pn

22
ot At (22)
turns (14) into
(14 kAt)py [1— 2 (23)
= /i J—
Pn+1 Pn 1+ kAt Pn
Under the change of variable
At
_ 24
Un 1+ nAtp" ( )
(23) takes the form of the logistic map
Ung1 = Yon(l — vn) (25)
in which the critical parameter is
v = (1+ kAt) (26)

In doing so, one recovers the universal route to chaos of unimodal maps via the well-known sce-
nario of period-doubling bifurcations [31-32]. One is led to the Feigenbaum’s sequence of critical
parameters as function of the sequence index m =1,2,... M

TYm — Y0 = Km — Ko = Am — Ag o< 6™ (27)

where 0 stands for the Feigenbaum constant.

According to [31-32], iterated maps of the unit interval are generic models of dynamical systems
in discrete time. The standard representation of these models is based on first order difference
equations having the form

Tn+l1 = f(xna 7) (28)

The dynamics of iterated maps can be either conservative or dissipative. In the former case, the
function (28) is monotonic and describes a one-to-one mapping, whereas in the latter case is non-
monotonic and describes a two-to-one mapping. Typical examples of dissipative systems include
the quadratic map and unimodal maps of the type (25). In 1978, Feigenbaum discovered that the
onset of chaos in quadratic maps occurs through period-doubling bifurcations driven by changes
of the critical parameter v. Unimodal maps exhibit the following behavior: for small values of -,
(28) has a single stable fixed point and all nearby points converge to it under multiple iterations
of (22)-(23). Ramping up v to a critical value v; makes the fixed point unstable and produces a
new stable pair of points of period 2. Further increasing 7 to another value (v2) bifurcates this
cycle into a cycle of period 4. The bifurcation process continues with a new sequence of cycles of
period 27, j > 3, eventually leading to a Cantor set structure that attracts almost all the points
of the interval [—1,1]. On letting v increase beyond an endpoint value v, stable periodic orbits
surface again and split up in a similar way. In the new sequence, v scans another series of critical
values corresponding to cycles of period 3-27, j = 0,1,2,... and so on. When applied to the flavor
composition of SM, this bifurcation scenario leads to the content of Tab. 1 below. The first branch
of the fermion sector represents the set of 3 left-handed neutrinos occurring at 5 = 0, a finding
which naturally accounts for both triplication of fermion families and the fermion chirality in the
SM [see e.g. 24]. Tt is instructive to note that, according to this scenario, Dark Matter appears to
echo the properties of anyons in three-dimensional space [33].

41



Parameter | Flavor Content | Bifurcation Pattern Spin
A1 Higgs scalar 2, 5=0 0
Am DM Gauge Bosons 2J 1
Aoso Dark Matter 2, j =00 undefined
A Fermions 3.2 3

Tab. 1: The flavor structure of visible and Dark Matter sectors
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Abstract

Complezx Ginzburg-Landau equation (CGLE) is a paradigm for the onset of chaos and turbulence
in nonlinear dynamics of extended systems. Here we point out that the underlying connection
between CGLE and the Navier-Stokes (NS) equation bridges the divide between fluid flows, on
the one hand, and the mathematics of General Relativity (GR) and classical gauge theory, on the
other. The analogy hints to a possible link between the transition from laminar to turbulent flows
and the mass generation mechanism of quantum field theory (QFT).

Key words: chaos and complexity, complex Ginzburg-Landau equation, turbulence, Navier-Stokes
equation, classical gauge theory, General Relativity.

1. Introduction

Building on the assertion that complex dynamics plays a critical role in foundational physics [1-3],
the object of this brief report is to show that the roots of both classical gauge theory and GR may
be traced back to the CGLE.

The report contains a couple of paragraphs and an Appendix section. First paragraph delves into
the derivation of the NS equation from CGLE and the role of kinematic viscosity in the transition
from laminar flows to turbulence. The second paragraph points out to research studies looking into
the analogy between NS and classical field theory, namely GR and Maxwell’s electrodynamics. The
analogy suggests an unforeseen parallel between the onset of fluid turbulence via the reduction of
kinematic viscosity and the mass generation mechanism of QFT.

We caution from the outset that the sole intent of this report is to lay the groundwork for further
exploration of the topic. Exclusively presented in a draft form, our analysis is far from completion
and far from meeting the quality standards of a full blown research project. Independent work is
needed to develop, validate, or reject the ideas presented here.

2. CGLE and the NS equation

We start by recalling that the CGLE encodes many key properties of out-of-equilibrium nonlin-
ear dynamical systems with space-time dependence. As paradigm for the emergence of complex
behavior, CGLE describes the generic onset of chaos, turbulence, and spatiotemporal patterns in
extended systems [4-6]. It assumes the standard form

Oz =cz+ (1 +ic))Az— (1 —iCS)Z‘zFU 1)

in which z is a complex-valued field, the parameters € and ¢ are positive and the coeflicients ¢; and
cs are real. The nonlinear Schrodinger equation (NSE) is a particular embodiment of the CGLE
in the limit ¢ — 0, namely [11],

—i0iz = 1Az + ¢3)2|* 2 (2a)
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To streamline the presentation, we work in 141 space-time and assume o = 1. In its original
formulation and natural units (7 = 1), the quantum-mechanical version of (2a) reads

igtz(x,t) = [_anw - V(:z,t)} 2(z,1) (2b)

where V' (z,t) is the potential function. The so-called Madelung transformation enables one to turn
(2b) into the quantum Euler equation for compressible potential flows [7]. In particular, taking the
complex-valued field in the canonical form,

z(x,t) = Mexp[zS(as,t)] (3)

m

and substituting it into (1)-(2) leads to

ap o
di 07 . . 1

Here, i(x,t) denotes the flow velocity, p = m|z|? stands for the mass density and
1 VAVP)

2m \/p

is the so-called Bohm potential. The flow velocity and its associated probability current are given
by

Q=- (6)

(o, ) = %vs - —%% (7)
F = pit = ——[2*(V2) — 2(V5") (8)

2mi
Since the Schrodinger equation is conservative, the Madelung transformation naturally leads to
the Euler equation, which is exclusively valid for inviscid flows. To account for fluid viscosity and
arrive at the NS equation, one needs to either appeal to an extended version of the NSE containing
non-conservative terms [7-8] or bring up the concept of kinematic viscosity — a concept linked to

the mass of quantum particles [9] as in

1
V:% 9)

On account of (9) and for incompressible flows, the NS equation that mirrors (5) is given by
du  ou 1
T L i Vi=—-V Vig 10
prien +4-Vu p p+ vV (10)
where p is the pressure. An alternative expression for the NS equation (10) may be obtained using

the identity

1
E-Vﬁ:§Vu2—ﬁ><cU (11)

where & = V x @ represents the vorticity vector [10]. The corresponding NS equation reads
2

—ﬁxﬁ—V(erUQ) + V2 (12)
1)

o _
ot
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Referring to (3), the phase of the field amounts to

S = m/ud:z (13)
such that

m

2o t) = /28D (z’m / ud:c> (14)

3. From CGLE to abelian gauge theory and GR

It is instructive to note that there is a wealth of literature dealing with the connection between
the NS equation, on the one hand, and the formalism of classical electrodynamics and GR, on the
other. The interested reader is invited to consult a cross-section of representative references listed
under [12 - 19].

4. Concluding remarks

The brief analysis presented here falls in line with our previous findings where, under general
boundary conditions, the long-run evolution of Renormalization Group flows is conjectured to
converge on strange attractors [2, 21-22]. Supported by an underlying multifractal structure, these
attractors provide realistic models for the onset of chaos in nonlinear dynamics, the transition to
turbulence as well as for the phenomenology of the Standard Model near or above the electroweak
scale [1, 3].

Relation (9) confirms that highly viscous fluids produce a hydrodynamic regime close to lam-
inar flows. Interpreted in the context of the minimal fractal manifold [3], the kinematic viscosity
assumes the role of a mass generation mechanism and corresponds to the inverse of the dimensional

parameter
e=4—-D=0(m?/A}y) < 1

Stated differently,

Y= ﬁ — 0(c?) (15)

Extrapolating (15) to QFT, hints that the kinematic viscosity may justify the mechanism of mass
generation in the Standard Model of particle physics.

APPENDIX

Our analysis suggests that the geometry of strange attractors underlies the equations of classical
field theory in an inconspicuous way. The aim of this Appendix section is to reinforce this conclusion.
Here we show that seemingly disparate concepts of quantum physics and classical field theory —
namely, the Berry phase, gauge potentials and the connection coefficients of GR - share a common
geometric foundation.

A) Berry phase in quantum physics

A quantum system adiabatically transported around a closed path C in the space of external
parameters acquires a non-vanishing phase (Berry phase, BP in short). Since BP is exclusively
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path-dependent, it provides key insights into the geometric structure of quantum mechanics and
QFT. The BP concept is closely tied to holonomy, that is, the extent to which some of variables
change as other variables or parameters defining a system return to their initial values.

Consider a quantum system described by the time-dependent Hamiltonian H(t), whose associ-
ated eigenstate is [¢(t)) and which is embedded in a slowly changing environment. After a periodic
evolution of the environmental parameters (¢t — t + T'), the eigenstate returns to itself, apart from
a phase angle,

[9(2)) = e¥(0)) (A1)

If w denotes the eigenvalue of |1)(t)), a generalization of the phase angle « = wT in units of h = 1
is given by the “dynamical phase”

T T
o= /0 w(t) dt = /0 (W) [H D] (0)) dt (A2)

Berry has shown that there is a time-independent (but contour dependent) supplemental “geometric
phase” entering the phase angle, namely,

a="q+7(0) (A3)

where

+(C) = /C (WliVe) dr (Ad)

The dynamical phase 7y, encodes information about the duration associated with the cyclic evolution
of the complex vector |¢(t)). By contrast, (A4) encodes information about the geometry of the
environment where the transport takes place.

B) The geometry of gauge and gravitational fields

The gauge field concept may be built from a straightforward geometric interpretation, according to
[20]. Consider the parallel transport of a complex vector |¢) round a closed rectangular loop. The
difference between the value of |¢) at the starting point (|1/)o) and at the end point |1))g — |¢) ¢ is
given by

Ay = Y — o = —ig ASHyFuuw (B1)

in which AS* denotes the area enclosed by the rectangle and the strength of the gauge field is
F = 0,A, —0,A, —ig[Au, A (B2)

Echoing the formation of the Berry phase, the effect of parallel transport is to induce a non-
vanishing rotation of |¢) in internal space proportional to the strength of the gauge field. Likewise,
the curvature tensor of GR may be motivated through similar arguments. Taking a vector V" on
a round trip by parallel transport, the difference between the initial and final components of the

vector amounts to 1
AVF = §RHWVAASW (B3)

This equation faithfully replicates (B1) and signals the presence of a gravitational field, via the

curvature tensor R”/\W. The geometric analogy between gauge theory and General Relativity is

captured in the table below.
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Gauge Theory General Relativity
Gauge transformation Coordinate transformation
Gauge group Group of coordinate transformations
Gauge potential A, Connection coefficient I,
Field strength F),, Curvature tensor R,

Comparison between the geometry of gauge and gravitational fields.
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Abstract

Conventional wisdom says that the formation of large-scale structures in cosmology follows
from the evolution of density perturbations under the combined effect of gravitation and cosmic
expansion. We survey here the reasons why this framework fails to hold in primordial cosmology,
due to the severe limitations placed on the Friedmann-Robertson-Walker (FRW) metric, the
continuity hypothesis and the standard equations of fluid flows. We insist that understanding
primordial cosmology must rely instead on a complex dynamics model of evolving dimensional
fluctuations, conjectured to come into play far above the electroweak scale. A key outcome of
this model is the universal generation of topological defects and condensates emerging from the
complex Ginzburg-Landau equation.

Key words: scalar density perturbations, primordial Universe, FRW cosmology, structure
formation, complex dynamics, dimensional fluctuations.

1 Introduction

Relativistic cosmology models the Universe as a nearly homogeneous and isotropic expanding space-
time, as described by the FRW metric. In this framework, the observed large-scale structure of the
Universe (galaxies, clusters, cosmic web including voids, filaments, halos etc.) develops from small
perturbations of the smooth overall background. Perturbations are studied through cosmological
perturbation theory (CPT), which tracks how primordial inhomogeneities evolve into large-scale
structures from fluctuations in energy density, pressure, and spacetime curvature. Despite its undis-
puted successes, CPT remains however inadequate for the study of early Universe formation, on
spacetime-scales approaching the Planck regime.

The goal of this report is to survey the reasons why CPT fails to hold in primordial cosmol-
ogy, due to the severe limitations placed on the FRW metric, the continuity hypothesis and the
standard equations of fluid flows. In our view, understanding of primordial cosmology must rely
instead on a complex dynamics model of evolving dimensional fluctuations, conjectured to come
into play far above the electroweak scale. A key outcome of this model is the universal generation
of topological defects and topological condensates emerging from the complex Ginzburg-Landau
equation (CGLE).

The report is organized as follows: next section is a condensed review of how scalar density
perturbations are dealt with in standard cosmology. Section 3 goes over the limitations of the FRW
model and CPT in explaining structure formation in primordial cosmology. Section 4 details our
perspective on the complex dynamics of primordial dimensional fluctuations and their impact on
structure formation via CGLE and self-organization.
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For the sake of clarity and accessibility, the report is designed in a “user-friendly” format, with
emphasis on pedagogical exposition rather than formal derivations.

2 Scalar Density Perturbations in Standard Cosmology

We start by reviewing the evolution equation of scalar density perturbations in the standard model
of cosmology (the Lambda-CDM model) [1 - 4]. Let p(Z,t) denote the local matter or energy
density. The main parameter of interest in CPT is the density perturbation, which quantifies the
local density deviation normalized to the average density of the Universe,

(5(f,t) _ Apfa t) _ p(fai)) — P (1)

The density perturbation (1) can be studied in Fourier space using the decomposition in modes of
momenta k,

5(7,t) = / 43k 84 () exp(ik - 7) (2)

Statistical distribution of modes is described using the concept of power spectrum P(k). Obser-
vations indicate that the amplitude of density perturbations is mearly scale invariant, meaning
that it stays roughly the same across all length scales. As a result, primordial fluctuations carry
about the same strength and large- and small-scale structures start off with nearly similar density
perturbations. In terms of the power spectrum, one has

P(k) o k™1 (3)

in which ns denotes the scalar spectral index. While ng = 1 corresponds to exact scale invariance,
observations hint that ns, ~ 0.965, which shows an actual slight red tilt (meaning more power
allocated to large scales).

The linear scalar perturbations to a flat FRW metric takes the form

ds* = a*(n) [~ (1 + 20)dn* + (1 — 2®)5;; dz'da’] (4)

where 7 is the conformal time and ¥, ® are scalar potentials (with ¥ = ®, if there are no anisotropic
stresses). Relation (2) defines the FRW metric in the so-called conformal Newtonian gauge. There
are two key equations of CPT in Fourier space, namely,

a) The continuity equation reflecting energy conservation and given by,

S+ (14 w)(0 —30) +3H (2 —w)d =0 (5)
b) Euler equation reflecting momentum conservation and written as,

w k2c?
1+4+w 1+

0+ H(1—3w)+ S 5 k2w (6)
Here, H = a’/a is the conformal Hubble parameter, o’ = da/dn, w = p/p, ¢ = dp/dp is the square
of the sound speed and 6 = ik’ vj = ik - ¥ stands for the velocity potential with wavevector k.

Using (5) — (6), the equation for the evolution of scalar perturbations in the Lambda-CDM
Universe assumes the form,

6+ 2Hb6 — 47Gpd = 0| (Newtonian limit) (7)
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The full relativistic equation beyond the Newtonian limit (7) reads

0+ A(H,w)d + B(c}, k. a*, w, p)5 = S(®) (8)

in which A(...), B(...) are functions of variables indicated in (8) and S(®) is the source term induced

by ®

3

Limitations of FRW Cosmology in the Primordial Universe

While being adequate in describing the late dynamics of the Universe, FRW cosmology faces crucial
limitations when applied to the evolution of the primordial Universe:

1)

4

It is

Along with General Relativity (GR), FRW breaks down near the Big Bang singularity where
large and highly unstable curvature fluctuations ruin the smooth topology of ordinary four-
dimensional spacetime. It is also conceivable that, in line with the Dimensional Reduction
conjecture [11], spacetime dimensionality drops down in some continuous but unpredictable
fashion.

The cosmological principle posits a smooth (differentiable) and uniform Universe, yet these
assumptions are bound to be violated near the Big-Bang singularity, as hinted by the Sakharov
conditions for baryogenesis and the far-from-equilibrium properties of Planck physics. In the
same context, strong nonlinearities associated with (1), that is, § = O(1) are prone to ruin
the basis of the entire CPT model.

FRW does not naturally explain the horizon and flatness puzzles of cosmology without fine-
tuned initial conditions—issues typically resolved by inflation, which is still hypothetical and
external to the Lambda-CDM paradigm.

FRW lacks a mechanism of structure formation from primordial fluctuations as it serves only
as a background for inflationary cosmology.

The relevance of quantum gravity effects near the Planck scale remains highly controversial
[14].

The continuity equation (5) fails when mass/energy /momenta are not conserved due to the
presence of sources or sinks. Likewise, Bianchi identities of GR break down under strong
curvature fluctuations (the local spacetime manifold becomes non-smooth and singular) or
when the effects of deterministic or stochastic chaos cannot be discarded (as implied from the
generic nonintegrability of Hamiltonian systems [15]).

Fluid equations of the type (6) become invalid in the presence of boundary layers, unpre-
dictable dissipation or turbulence, shocks, non-Newtonian stress-strain relationship or rarefied
flow conditions.

Beyond CPT with Complex Dynamics of Dimensional Fluctua-
tions

generally believed that, if the ongoing cosmological observations continue to diverge from

predictions, our current formulation of Lambda-CDM may require a fundamental paradigm shift.
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Parallel with the current situation in cosmology, independent research indicates that nonlinear dy-
namics of far-from-equilibrium systems has universal features linking the complex Ginzburg-Landau
equation (CGLE) with the tenets of Quantum Field Theory (QFT), Standard Model of Particle
Physics (SM) and the high-energy regime of primordial gravitation [16 — 18, Appendix]. Here we
consolidate this view by arguing that CGLE lies behind structure formation in cosmology and the
emergence of topological defects and condensates in high-energy physics. From this standpoint,
complex dynamics appears to provide the most sensible way out of the current crisis in cosmology.
Building upon the ideas of [12], the next paragraph elaborates on the emergence of CGLE from the
dynamics of dimensional fluctuations.

4.1 CGLE from Dimensional Fluctuations above the Electroweak Scale

Reaction-Diffusion (RD) processes are a subset of complex phenomena defined within the framework
of Nonequilibrium Statistical Physics. These models are typically formulated in d + 1 dimensions,
where d is the dimension of the Euclidean manifold representing the physical space and ¢ is the time
coordinate. Ref. [12] develops a toy RD model acting on a two-dimensional lattice (d = 2), whose
local variables are time-varying dimensional fluctuations de(t) = §[2 — d(t)]. The model includes a
scattering event at rate D, a clustering event at rate u and a decay (or percolation) event at rate
Kk = XA — X, with A being a control parameter nearing its critical value A.. Up to a leading order
approximation, the macroscopic properties of RD processes may be encoded in a mean-field (MF)
equation, which quantifies the competition between losses and gains in a generic density parameter
p(t). In particular, the decay/percolation process occurs with a rate proportional to xp(t) and leads
to a gain in density. By contrast, the clustering process drops the density with a rate proportional
to up®(t). Ignoring diffusion, the resulting MF equation takes the form

op(t

) — kplt) —u (0) Q
In the context of [12] the control parameter A(t) = A[de(t)] represents the density of dimensional
fluctuations de(t) < 1 while p(t) denotes the density of active (or unstable) lattice sites. A straight-

forward extrapolation of (9) is given by the system of coupled partial differential equations

0 t
méf’) = DiApi(z,t) + f(p1, pa, k) (102)
Opa(,t
pz(gf) = DaApa(z,t) + g(p1, p2, k) (10b)

According to [12] and references therein, an arbitrary solution of (10) lying near the bifurcation
point at k > kg can be expressed through a complex-valued function (7, 7) obeying the CGLE in
one spatial dimension,

oy . 0% . 2
el 1 ~—_ 1 11
= (L ia) G — (LBl (1)
Here, the set of new coordinates is given by
r=ox (12a)
T = 0o’t (12b)
where,
oc=(r—r)?xc (A= N)? < 1 (13)
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As it is known, CGLE represents a nonlinear partial differential equation which serves as a universal
model for the onset of spatiotemporal dynamics in nonlinear systems. It is especially helpful in the
study of critical behavior where order parameters emerge — such as superfluidity, superconductivity,
turbulence, Bose-Einstein condensation, nonlinear waves and pattern formation. In (11) ¢(r,7)
acts as order parameter, «, 5 are real coefficients accounting for diffusion and nonlinear effects,
respectively. Stated differently, the term ¢ (r, 7) stands for the linear growth or decay, the Laplacian
measures the contribution of diffusion and the nonlinear term 1|t)|? embodies the contribution of
self-interaction.

4.2 Cosmological Structure Formation from CGLE

Pattern/structure formation and self-organization emerging from CGLE is a rich and active research
topic, with applications across various disciplines. To avoid excessive information and to stimulate
further independent analysis, here we limit the discussion to few representative examples.

a) Topological defects are localized regions where the order parameter is singular or undefined —
like points, lines or surfaces around which the phase of ¥ winds in some nontrivial manner. In
two- and three dimensions, typical examples include vortices (points where 1) = 0 and the phase
of 1p = arg(vy)) winds by 27n around the core), domain walls are interfaces between regions with
different phase or amplitude configurations, and dislocations/spirals which are phase defects of
wavefronts in pattern forming systems.

In the context of CGLE, topological defects emerge from broken symmetry and solutions with
nontrivial phase structures. They form spontaneously from instabilities, noise or as remnants of
quenched phase transitions (Kibble-Zurek mechanism). The so-called winding number (or topolog-
ical charge) quantifies the phase change around defects.

b) Topological condensates represent coherent and long-lived, often self-organized macroscopic
structures formed by the aggregation of topological defects.

Fig. 1 below is a visualization of a topological vortex arising from CGLE. The left panel shows
the amplitude of the order parameter v, which vanishes at the center (the vortex core). The right
panel shows the phase, which winds by 27 around the core and defines the topological charge of

the vortex.
3
2
1
]
-1
=2
-3

It is instructive to note that topological defects can be regarded as dual objects to the elementary
particles of high-energy physics, as highlighted by the table and symbolic diagram shown below.

Amplitude Jy| 1.0 Phase argly)

40 0.9 d0F
0.8

20 20
0.7
0.6

20 0.5 20
04

—-40 —40
0.3

=40 =20 0 20 40

=40 =20 a] 20 40

o
-
o

Fig. 1: Visualization of a topological vortex derived from CGLE.
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According to this view, there is an intriguing analogy in how symmetries and topology lead to
conserved quantities and defects [5 — 10].

Theory A Dual Theory B
Particles with gauge charges Topological defects with winding num-
bers
Electric field lines Magnetic monopole worldlines
Quarks/gluons in QCD Confining flux tubes or dual supercon-
ductor
Elementary bosons Vortices or solitons in dual theory
Gauge theory with local symmetry Topological theory with global symme-
try
Theory A Dual TheoryB
T . _/\
2
:_13 Elementary Soliton o
a Particle Topological 2
—  Gauge Charge Duality Charge =
L Q
= 2
2 @ oo Particle a
a o
o
= .
Topological Gauge
1 Dafact 4 Charge
Topological Charge Gauge Charge

Vortex lattices derived from CGLE are periodic arrangements of vortices, forming structured
patterns in the complex amplitude field. They represent a self-organized state of the underlying
nonlinear system, often found in 2D simulations or real-world systems near oscillatory instabilities.
The evolution of vortex lattices is a complex interplay of self-organization, turbulence, and exter-
nal influences, leading to a variety of dynamic phases and structural transitions. Fig 2 displays
snapshots of a two-dimensional order parameter |1 (z,y,t)|? taken at various time intervals. It illus-
trates how structure changes dynamically over time, exhibiting features common in the evolution
of vortex lattices and cosmic voids / halos.

Fig. 3 visualizes the evolution of vortex lines in the three-dimensional (3D) CGLE, which echoes
the formation of helical strings in the cosmic web. This structure develops from the instability of
vortex filaments in the high-dispersion limit of (11), namely o > 1 [13].

5 Discussion

There are well motivated reasons why, due to their inherent assumptions and constraints, both
FRW and CPT models are inadequate for understanding structure formation in primordial cos-
mology. By contrast, there are compelling hints that a framework based on complex dynamics of
evolving dimensional fluctuations is essential for explaining primordial cosmology, as it connects to
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Fig. 2: Evolving 2D vortex lattices as analog of cosmic voids.

phenomena occurring far above the electroweak scale. The proposed framework builds upon the
universal generation of topological defects and condensates associated with the complex Ginzburg-
Landau equation (CGLE). The main benefit of this proposal is that the premises of CGLE are
independent from any formulation of classical gravity, classical Thermodynamics or the theory of
fluid flows. In addition, the duality of cosmological structure formation and topological solutions
of Quantum Field Theory is likely to bring unforeseen insights into future model building efforts.

APPENDIX

From CGLE to the Standard Model of Particle Physics (SM)

CGLE is sometimes quoted in the form

oY 0% : 2
gZW‘i‘(l‘i‘W)w—(l—i‘ZﬁWW (A1)
with b # 1. Under the assumption that there is no dissipation (spatial homogeneity), taking 5 = 0,

rescaling the order parameter ¢ — atp, ¥* — ayp* (a # 1) and substituting it in (A1) yields

T S
5y = W — @YY (A2)
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Fig. 3: Evolution of vortex lines in 3D CGLE.

Furthermore, if the order parameter reduces to a scalar field (¢ — ), side by side comparison of
(A2) with the flow equation (12) of the Higgs potential in [19], gives the identification

p = —mgff) = 22p(v? — 2¢°) (A3)
b=v? (A4)
a® = 4\ (A5)

Here, A, v denote the self-interaction coupling and vacuum expectation value of the Higgs scalar,
respectively. By (A2) — (A5) and following [18 - 20], leads to the conclusion that CGLE recovers
the entire flavor structure of the SM via successive bifurcations.
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