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Abstract

The pursuit of ambient superconductivity is hampered by a fundamental trade-off between active, energy-intensive
control and passive, structural stability. Current literature lacks a unified framework that connects the
thermodynamic costs of information, substrate complexity, and the disparate mechanisms of high-Tc
superconductivity. This paper proposes a ‘Signal-Worker’ ontology to unify biological quantum transport and solid-
state physics through a novel analytical framework. Our analysis suggests that passive ‘phononic scaffolds’ can
theoretically achieve higher thermodynamic efficiencies than active Floquet engineering by leveraging structural
complexity. We hypothesize a quantitative relationship between a substrate’s structural complexity and its capacity
to sustain macroscopic quantum coherence. The Signal-Worker model is shown to be a versatile language for
recasting proximity effects, moiré engineering, and chiral instabilities as variations of the same underlying
architectural principles. These findings outline a new design paradigm for engineering room-temperature quantum

materials by translating principles of biological efficiency into solid-state substrates.
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1.0

Introduction: The Stability-Control Trade-off in Macroscopic Quantum Systems

1.1 The

Frontier of Active Control: Driven Quantum States

The deliberate induction of macroscopic quantum coherence in materials far from their natural equilibrium
represents a significant frontier in condensed matter physics. Active driving methods, where external fields force a
system into a desired quantum state, have demonstrated remarkable proofs-of-concept but appear to be
fundamentally constrained by issues of thermodynamic inefficiency and profound instability. Ultrafast optical
pulses, for instance, can transiently create non-equilibrium superconducting states at high temperatures by
dynamically altering lattice potentials. This process, known as Floquet engineering, leverages nonlinear phononics



to momentarily favor coherence, as demonstrated in materials like YBCO (Hu et al., 2014). However, these states
are inherently ephemeral, collapsing on picosecond timescales as the system thermalizes. While they serve as
powerful evidence that coherence is possible above the equilibrium transition temperature (77,), they are ultimately

transient phenomena, representing a paradigm of high control but low stability.

Another prominent active control method involves the application of extreme static pressure to synthesize novel
material phases. The synthesis of hydride superconductors under gigapascal pressures has produced materials with
near-room-temperature transition temperatures, representing a monumental achievement in materials science. The
recent claims regarding a La-Sc-H system (Song et al., 2025) exemplify this approach, where immense external
pressure stabilizes a crystal structure with exceptionally strong electron-phonon coupling. This method, however,
faces significant challenges in both the reproducibility of results and the practical necessity of maintaining extreme
pressures, highlighting a critical validation gap in the field. Like optical driving, it is a testament to the possibilities

of active control but underscores the reliance on extreme, energy-intensive external conditions.

Beyond periodic driving or static pressure, inducing specific dynamical instabilities offers a more complex route to
active, non-equilibrium control. In certain chiral materials, an initial pump pulse can trigger a feedback loop
between charge carriers and the electromagnetic field, creating amplifying polaritons that enhance coherent
phenomena. The observation of a dynamic magneto-chiral instability in photoexcited Tellurium (Huang et al., 2026)
provides a compelling example of this mechanism. This approach harnesses a system’s inherent instabilities rather
than suppressing them, representing a sophisticated frontier of non-equilibrium physics. Nevertheless, it remains a
transient effect, firmly placing it within the paradigm of active control where coherence is a fleeting consequence of

an external energy injection.

All active control methods are fundamentally governed by the second law of thermodynamics, demanding a
substantial and continuous energy input that frequently leads to deleterious heating and decoherence. The operation
of high-power lasers and gigapascal pressure cells is energetically expensive, and the dissipation of this energy as
heat is a primary obstacle in maintaining delicate quantum states. This operational cost is rooted in the physical
nature of information, where creating and maintaining order against environmental noise has an inescapable
thermodynamic price, as established by Landauer’s principle (Bérut et al.,, 2012). As suggested by the
thermodynamic efficiency model in this study (see Appendix C.1), the energy cost of actively fighting
environmental decoherence is profoundly high, suggesting a fundamental, rather than merely technological,
limitation.

A highly sophisticated illustration of active control is the direct engineering of specific nonlinearities in bosonic
modes to sculpt quantum interactions. In the domain of circuit QED, the use of multi-loop SQUIDs allows for the
selective creation of pure cubic, quartic, and quintic interactions, providing a powerful tool for stabilizing specific
quantum states like cat qubits (Hua et al., 2025). This technique, a form of Hamiltonian engineering, offers an
unparalleled degree of fine-grained control over a system’s quantum dynamics. While currently limited to
superconducting circuits rather than bulk materials, it serves as a crucial proof-of-concept for the principle of active

Hamiltonian design, showcasing the pinnacle of deliberate, external manipulation of quantum behavior.

These active control paradigms expose a fundamental ‘Control-Protection’ dilemma that lies at the heart of quantum
engineering. Systems that are highly susceptible to external control fields—a desirable trait for manipulation—are,
by the same token, highly vulnerable to decoherence from uncontrolled environmental noise. As illustrated by the
simulation in this study (see Appendix C.2), a system with high susceptibility (high control) loses its quantum
fidelity far more rapidly in a noisy environment than a system with low susceptibility (high protection). While
quantum error correction (QEC) is proposed as a solution, QEC itself imposes a significant thermodynamic and
computational overhead, reinforcing the core dilemma. This trade-off suggests that simply increasing control power

is an inherently flawed strategy.



Ultimately, the various active control methods represent a ‘brute force’ approach to inducing and maintaining
quantum coherence. While phenomenally successful in generating transient, laboratory-bound effects and pushing
the boundaries of non-equilibrium physics (Hu et al., 2014; Song et al., 2025), they are unlikely to yield the stable,
ambient, and energy-efficient solutions required for transformative technologies. Their shared limitations—
transience, thermodynamic inefficiency, and inherent instability—are not merely technological hurdles to be
overcome by incremental improvements. They appear to be fundamental consequences of a paradigm reliant on
continuous external energy input, motivating a paradigm shift in our approach. This raises the critical question: is

there an alternative to fighting noise with energy?

1.2

The Alternative of Passive Control: Structurally-Stabilized Coherence

In stark contrast to active driving, passive structural control offers a compelling alternative wherein macroscopic
quantum coherence emerges as an intrinsic property of a material’s meticulously engineered geometry and topology.
This paradigm seeks not to overpower environmental noise but to design architectures that are inherently resilient or
can even leverage noise. A prime example of this principle is the proximity effect in multi-layer heterostructures,
where layering materials with disparate electronic properties induces a desired quantum state in one layer through its
contact with another. The recent discovery of a ‘nodal metal’ state in the inner, underdoped plane of a triple-layer
cuprate is a landmark demonstration of this effect (Ideta et al., 2025). Here, the optimally doped outer layers act as a
structural reservoir of Cooper pairs, inducing pre-formed pairs in the inner layer at temperatures far above the bulk
T.. As confirmed by computational modeling (see Appendix B.3), this demonstrates that a stable quantum precursor

state can be imposed through architectural design alone.

A more tunable and powerful method of passive control is ‘Moiré engineering,” or ‘twistronics,” where stacking two-
dimensional materials with a slight rotational mismatch creates a long-wavelength superlattice. This Moiré pattern
acts as a periodic potential that can dramatically alter the electronic band structure, often generating ‘flat bands’
where the kinetic energy of electrons is quenched, allowing correlation effects to dominate. The creation of ordered
charge states at the interface of twisted oxide membranes is a key experimental validation of this principle (Kim et
al., 2025). The twist angle becomes a geometric tuning knob, allowing physicists to design the electronic properties
of the material passively. As demonstrated in simulations (see Appendix B.4), this geometric control can flatten
bands and foster the emergence of exotic quantum phases, including superconductivity, purely as a consequence of

the engineered architecture.

The zenith of passive stabilization is realized in topological phases of matter. These systems utilize global, rather
than local, properties of the system’s many-body wavefunction to protect quantum information from local sources of
noise and decoherence. In materials exhibiting topological order, such as the theoretical Toric Code or String-Net
condensates, quantum states are encoded in non-local degrees of freedom, making them inherently robust against
local perturbations. This represents the ultimate form of passive protection, achieving near-perfect stability.
However, this profound stability comes at the cost of control; the same non-local properties that protect the state
make it difficult to manipulate or compute with, perfectly illustrating the ‘protection’ side of the Control-Protection

dilemma introduced previously.

Nature itself provides the most compelling proof-of-concept for stable, room-temperature quantum coherence
achieved through passive structural control: the Fenna-Matthews-Olson (FMO) complex in photosynthetic green
sulfur bacteria. This protein-pigment complex facilitates near-perfect quantum efficiency in energy transport under
ambient conditions. The key is the protein ‘scaffold,” a complex, folded structure that holds pigment molecules in
precise orientations. This architecture actively manages environmental noise through a mechanism known as

Environment-Assisted Quantum Transport (ENAQT), using thermal vibrations to facilitate rather than hinder



coherent energy transfer (Quni-Gudzinas, 2026a). As shown in simulations (see Appendix B.5), a structured
environment enables transport efficiencies impossible in either a perfectly quiet or a randomly noisy environment,

serving as the ideal archetype for passive architectural design.

Generalizing from this biological exemplar, we can define a ‘phononic scaffold’ as any material architected to
possess a specific, non-trivial phonon spectral density. Its purpose is to create a structured vibrational environment
that filters out decohering noise while selectively enhancing the specific lattice vibrations that mediate quantum
coherence (Quni-Gudzinas, 2026a). Unlike a generic crystal with a simple Debye spectrum of vibrations, a phononic
scaffold, as visualized in the model of a diatomic lattice (see Appendix B.6), can have ‘band gaps’ that forbid certain
vibrational frequencies. This concept directly addresses a central empirical gap in materials science and provides a

concrete target for biomimetic engineering.

The paramount advantage of passive control is thermodynamic. Unlike active methods that require a continuous and
substantial energy input to impose order, passive systems encode the ‘program’ for quantum coherence into their
static structure. The primary energy cost is a one-time investment during fabrication, not a continuous operational
expenditure. This distinction is critical for developing energy-efficient technologies. Furthermore, as seen in the
FMO complex, sophisticated structures can even harness ambient thermal energy to assist function. This represents a
monumental efficiency gain over active systems, which expend energy to fight the same thermal environment, a

conclusion strongly supported by this study’s comparative model (see Appendix C.1).

In essence, the paradigm of passive control advocates for replacing the ‘brute force’ of external energy with the
‘intelligence’ of an engineered architecture. It suggests that the solution to stable, ambient quantum coherence lies
not in developing more powerful lasers or higher-pressure cells, but in designing materials with a higher degree of
embedded structural information. This approach, exemplified by systems from cuprate heterostructures (Ideta et al.,
2025) to twisted oxides (Kim et al., 2025), is profoundly promising. However, these disparate examples lack a
common theoretical language, creating the need for a unifying framework that can explain their shared principles

and guide future design.

1.3 A Unified

Framework: The ‘Signal-Worker’ Ontology

To bridge the conceptual gap between active and passive control paradigms, we propose the ‘Signal-Worker’ (S-W)
ontology, a universal language for describing quantum coherence in coupled systems (Quni-Gudzinas, 2026a). This
framework provides a powerful abstraction that allows for the direct comparison of seemingly unrelated phenomena
by decomposing them into two fundamental components. To improve clarity, we can sub-classify the ‘Signal’ based

on its origin and nature.

The first component of the ontology is the ‘“Worker,” defined as the fermionic subsystem responsible for executing
the primary quantum function of interest, such as carrying charge in a superconductor or transporting energy in a
photosynthetic complex. The canonical examples are the Cooper pairs of electrons in a superconductor or the
excitons (electron-hole pairs) in a light-harvesting system. These Workers are typically localized or quasi-localized
entities that perform the physical ‘work,” and their behavior is governed by a fermionic Hamiltonian that is strongly

influenced by their immediate environment.

The second component is the ‘Signal,” which is the bosonic field that provides the informational context or the
instruction set that modulates the behavior of the Workers. This field is not the primary functional agent but rather
the controlling environment. We can distinguish several types: an ‘Active-Dynamic Signal’ refers to a time-varying

external field, like the photons from a laser (Hu et al., 2014). An ‘Active-Static Signal’ refers to a time-independent



external field, like the phonon field induced by a pressure cell. Finally, a **‘Passive-Architectural Signal’** refers
to an intrinsic, static field that emerges from the material’s structure, such as a Moiré potential or the structured
phonon bath of a scaffold.

The critical physics of any quantum coherent system, within this framework, is captured by the interaction term in
the total Hamiltonian that couples the bosonic Signal to the fermionic Workers. This mathematical term, formally
derived in Appendix A and simulated in a simplified model (see Appendix B.7), mediates the ‘instructions’ from the
Signal to the Workers. The S-W ontology provides a new and powerful interpretation of this coupling, suggesting
that the nature of this interaction term—its strength, symmetries, and time-dependence—is what ultimately

determines the properties of the emergent macroscopic quantum state.

Using this refined taxonomy, we can recast active control as a class of systems where the Signal is either Active-
Dynamic or Active-Static. In the Floquet engineering of YBCO, the laser provides an external, time-varying photon
Signal (Hu et al., 2014). In high-pressure hydrides, the pressure cell creates an extreme, but static, external phonon
Signal (Song et al., 2025). In both cases, the informational field that organizes the Workers is not an intrinsic

property of the material at ambient conditions but is forcibly applied from the outside.

Conversely, passive control corresponds to systems where the Signal is a Passive-Architectural one. In a phononic
scaffold, the engineered structure itself generates a static, intrinsic phonon Signal with a specific spectral density
(Quni-Gudzinas, 2026a). In a Moiré superlattice, the geometric pattern creates a static, intrinsic potential Signal that
the electrons experience (Kim et al., 2025). The key distinction is that the Signal is not imposed but is an emergent

and permanent feature of the material’s design.

This re-contextualization leads to the central thesis of this paper: that progress toward stable, ambient quantum
technology requires a paradigm shift from designing powerful external Signals to engineering more intelligent
internal, Passive-Architectural Signals. This is a transition from a strategy based on overwhelming thermal noise
with energy to one based on outsmarting it with information encoded in material architecture. This approach, we
argue, directly resolves the Stability-Control dilemma by creating systems that are simultaneously stable and

functional.

1.4 Research Questions and
Hypotheses

This study is guided by three core research questions designed to probe the validity and utility of the Signal-Worker
framework, focusing on its power to unify disparate phenomena, connect complexity to efficiency, and generalize
across the landscape of quantum coherence. The first research question directly addresses the central comparison of
the paper: How do passive structural constraints (moiré superlattices, triple-layer proximity effects, phononic
scaffolds) functionally replace active thermodynamic driving (Floquet laser pulses, high pressure) to stabilize ‘nodal
metal’ and superconducting states? This question targets the core of the Stability-Control dilemma, seeking to

understand the mechanisms that allow architecture to substitute for external energy in the creation of quantum order.

To address this question, we formulate our first hypothesis (H1): We hypothesize that passive and active
mechanisms can be described by a single Signal-Worker interaction Hamiltonian, where the stability and efficiency
of the resulting state are determined by the spectral properties and time-independence of the Signal term. This
provides a clear, testable prediction that links the abstract ontology to measurable and calculable properties of the
system. The viability of this hypothesis will be explored by demonstrating that our computational model of the S-W
Hamiltonian (see Appendix B.7) can qualitatively reproduce the key features of both active and passive regimes by

simply altering the characteristics of the Signal term.



The second research question seeks to move beyond qualitative descriptions to a predictive, quantitative law: What
is the quantitative relationship between the ‘Lossless Complexity Index’ (LCI) of a substrate and its thermodynamic
efficiency (relative to Landauer’s bound) in sustaining macroscopic quantum coherence? This question is crucial for
transforming the concept of ‘architectural intelligence’ from a metaphor into a measurable engineering parameter. It
aims to provide a design rule that connects a material’s structural complexity directly to its performance in a

thermodynamic context.

Correspondingly, our second hypothesis (H2) proposes a specific mathematical form for this relationship: We
hypothesize a power-law relationship exists such that thermodynamic efficiency scales positively with LCI,
indicating that more complex, structured environments are better at converting ambient thermal energy into useful
quantum order. This prediction, inspired by the principles of ENAQT observed in biological systems, connects the
speculative framework of constructal determinism to the practical goal of thermodynamic efficiency. This

hypothesis is presented as a theoretical conjecture to be explored in future computational and experimental work.

The third research question tests the universality and explanatory power of the proposed framework: Can the
‘Signal-Worker’ ontology unify the disparate mechanisms of chiral instability (Tellurium), topological protection
(String-Nets), and biological transport (Photosynthesis) into a single predictive framework for room-temperature
quantum order? This question pushes the ontology to its limits, demanding that it account for not only conventional
superconductivity but also more exotic and diverse manifestations of quantum coherence. Its purpose is to ensure

the framework is a truly general theory of quantum organization, not just a model for a narrow class of materials.

Our third hypothesis (H3) posits a specific unifying feature at the mathematical level: We hypothesize that all three
phenomena can be modeled as Signal-Worker systems, where the primary difference lies in the symmetries and
topology of the Signal-Worker interaction term. This suggests a powerful classification scheme where different types
of quantum order can be categorized based on the fundamental symmetries of their governing interactions. This
hypothesis will be tested through a theoretical analysis of the relevant Hamiltonians, identifying the distinct

mathematical structures that lead to such different physical outcomes (see Appendix E).

Finally, it is crucial to define the scope of this investigation. This study is a theoretical and computational work of
synthesis. It does not present new primary experimental data. Instead, its contribution lies in providing a novel,
unified framework to interpret and connect a wide range of existing experimental findings, and to generate a set of
new, testable predictions and concrete design principles. The aim is to demonstrate the viability and predictive
power of the Signal-Worker paradigm, thereby laying the groundwork for a new, architecturally-driven approach to

experimental quantum materials science.

1.5 Contribution and
Significance

The primary contribution of this work is the proposal of a novel, unified, and predictive framework for designing
stable, ambient-temperature quantum coherent materials, with significant implications across condensed matter
physics, quantum computation, biophysics, and engineering. For condensed matter physics, this framework offers a
new perspective on the long-standing problem of high-7, superconductivity. It suggests a shift in focus from the
serendipitous discovery of exotic materials to the deliberate architectural design of desired quantum properties,

unifying disparate phenomena like cuprates and hydrides under a single conceptual umbrella.

For the field of quantum information and computation, this work presents a potential pathway toward
thermodynamically efficient quantum hardware. By demonstrating a mechanism for achieving stability through

structural design rather than continuous energy expenditure, it offers a compelling alternative to the resource-



intensive paradigm of active quantum error correction. The framework directly addresses the Stability-Control
dilemma, suggesting that the separation of ‘processor’ and ‘memory’ functions might be resolved in materials that
are architected to be both robust and functional.

For biophysics and quantum biology, this framework serves to elevate phenomena like photosynthesis from the
realm of biological curiosities to that of generalizable architectural principles. It provides a formal physical language
—the Signal-Worker ontology—to translate the solutions evolved by nature into a vocabulary that can be understood
and implemented by materials engineers. This validates the engineering relevance of biological quantum effects and
suggests new lines of inquiry focused on abstracting design principles from biological machinery for application in

other domains.

The most significant practical contribution is a concrete design philosophy for creating a new class of ‘quantum
metamaterials.” By providing actionable design rules, such as the hypothesis that maximizing structural complexity
(LCI) enhances thermodynamic efficiency, this work opens a path toward technologies once considered science
fiction, including lossless power transmission grids and hyper-efficient electronics. It transforms the goal of ambient

superconductivity from a search for a ‘miracle material’ into a solvable, albeit challenging, engineering problem.

Fundamentally, this work contributes to our understanding of the deep connections between information,
complexity, thermodynamics, and the emergence of physical order. By exploring the physical relevance of
information-theoretic metrics like LCI and Krylov complexity against experimental data, it helps to ground these
abstract concepts. It directly engages with foundational questions about determinism and emergence by linking the
thermodynamic cost of maintaining a macroscopic state (Bérut et al., 2012) to the computational complexity of its
underlying structure (Quni-Gudzinas, 2026b) and dynamics (Adhikari et al., 2024).

The intellectual merit of this study lies in its ambitious synthesis of highly disparate fields—quantum biology,
condensed matter, and complexity theory—into a single, coherent, and predictive framework. The novelty and
power of the Signal-Worker ontology lie in its ability to abstract away domain-specific details to reveal a shared

underlying logic, potentially resolving long-standing debates and opening new avenues of interdisciplinary research.

Ultimately, the broader impacts of this research could be transformative, potentially catalyzing a new technological
revolution based on energy-efficient quantum devices. This would not only have immense economic consequences
but would also provide a new paradigm for sustainable material design, where function is achieved through
informational complexity rather than brute-force energy consumption. The educational impact of establishing a new,
integrated field of ‘Quantum Architectonics’ would train a new generation of scientists and engineers fluent in this

interdisciplinary language.

1.6 Definitions of Key Terms

To ensure clarity and facilitate interdisciplinary understanding, this section provides precise, accessible definitions
for the core concepts central to the manuscript’s argument. A more exhaustive list of terms is provided in the Plain-
Language Glossary (Appendix D). Macroscopic Quantum Coherence, the primary phenomenon of interest, refers to
a state in which quantum mechanical phase relationships are maintained over macroscopic length and time scales
among a vast number of particles. Unlike the coherence of a single atom, this collective state gives rise to emergent
properties like superconductivity and superfluidity, and is technically characterized by Off-Diagonal Long-Range
Order (ODLRO).

The central theoretical contribution of this paper is the Signal-Worker Ontology, a conceptual framework that
decomposes a coupled quantum system into a bosonic ‘Signal’ field carrying information and a fermionic ‘Worker’

subsystem that performs a physical function (Quni-Gudzinas, 2026a). The purpose of this abstraction is to create a



universal language for comparing different systems. The Signal is the informational component (e.g., phonons),

while the Worker is the functional component (e.g., Cooper pairs).

The core design concept derived from this ontology is the Phononic Scaffold. This term refers to a material whose
structure is engineered to produce a specific, non-trivial phonon spectral density, thereby creating an intrinsic,
structured bosonic ‘Signal’ field (Quni-Gudzinas, 2026a). Generalizing from the protein scaffold in photosynthesis,
its function is to filter environmental noise and selectively enhance interactions that promote coherence, in stark

contrast to a simple, unstructured crystal lattice.

To quantify the complexity of such scaffolds, we employ the Lossless Complexity Index (LCI). The LCI is a
dimensionless metric derived from the fractal dimension (Df) and the positive Lyapunov exponents ()\17L ) of a
dynamical system, designed to quantify the balance between structural constraint and informational novelty (Quni-
Gudzinas, 2026b). Its formula, LCI = Djf x ) /\2', captures a notion of ‘stable complexity’ that is

hypothesized to be maximal in robust, adaptive systems.

To quantify the dynamics of the quantum state itself, we use Krylov Complexity (K-complexity). This metric
measures the rate of operator growth in the Krylov basis, quantifying the spread of a quantum operator over Hilbert
space and serving as a robust indicator of quantum chaos (Adhikari et al., 2024). A low, bounded growth in K-
complexity is indicative of a stable, predictable system, whereas rapid, linear growth is a signature of chaos and

information scrambling.

A key experimental phenomenon this framework seeks to explain is the Nodal Metal state. This is an electronic state
observed in underdoped cuprates characterized by the presence of a superconducting-like energy gap at the
antinodes of the Fermi surface, while remaining gapless at the nodes, even at temperatures above the bulk
superconducting transition (Ideta et al., 2025). It is considered a signature of pre-formed quantum pairs that lack the
global phase coherence needed for true superconductivity.

Finally, the core engineering problem this paper addresses is the Stability-Control Trade-off. This is the principle
that quantum systems which are highly susceptible to external control fields (high control) are also highly
susceptible to decoherence from environmental noise, while highly stable, protected systems are often difficult to
manipulate (low control). Overcoming this trade-off is a central challenge in quantum engineering, and this paper

proposes that passive architectural design is the most promising solution.

1.7 Structure of the Argument

This paper is structured in seven sections to systematically develop, explore, and apply the Signal-Worker
framework. This introductory section has established the core problem of the Stability-Control trade-off, contrasted
the paradigms of active and passive control, introduced the Signal-Worker ontology as a unifying solution, and
stated the paper’s formal research questions and hypotheses. With the foundational concepts now defined, the

argument will proceed with a rigorous development of the theoretical and methodological underpinnings.

Section 2, “Theoretical Foundations,” will formally detail the three pillars of our analytical framework. It will begin
with the thermodynamics of information, establishing Landauer’s principle as the baseline for efficiency. It will then
introduce the two key complexity metrics: Krylov complexity for quantifying state dynamics and the Lossless
Complexity Index (LCI) for quantifying structural complexity. The section will culminate in a formal mathematical

treatment of the Signal-Worker Hamiltonian, synthesizing these pillars into a single, testable hypothesis.

Section 3, “Methodology,” will outline the computational and analytical methods used to explore the hypotheses.
This section will describe the numerical models for the Signal-Worker Hamiltonian, the protocol for calculating

thermodynamic efficiency, the algorithms for computing complexity metrics, and the systematic framework for re-



interpreting experimental literature through the lens of the ontology. It will also detail the specific hypothesis testing

protocols and justify the selection of case studies.

Section 4, “Analysis of Actively Driven Systems,” will apply the Signal-Worker framework to the paradigm of
active control. It will present case studies on light-induced superconductivity, high-pressure hydrides, and dynamical
instabilities. In each case, the system will be deconstructed into its Signal and Worker components to demonstrate
that they all share the common feature of an external, energy-intensive Signal, leading to transient and inefficient

coherence.

Section 5, “Analysis of Passively Structured Systems,” will perform a parallel analysis for the paradigm of passive
control. It will examine case studies of proximity effects in heterostructures, Moiré-engineered materials, and
topological systems. This section will culminate in a detailed analysis of the FMO photosynthetic complex as the
biological archetype, demonstrating that all these systems share the feature of an intrinsic, architectural Signal that

promotes stable and efficient coherence.

Section 6, “Synthesis and Discussion,” will integrate the findings from the preceding sections to evaluate the three
central hypotheses. It will present the computational exploration of the Complexity-Efficiency relationship and
discuss the broad implications of the framework, including its proposed resolution of the Stability-Control dilemma
and its proposal for a new paradigm of “Quantum Architectonics.” This section will also honestly address the

limitations and caveats of the current study.

Finally, Section 7, “Conclusion and Future Work,” will summarize the key findings and contributions of the paper. It
will look forward by proposing specific, actionable directions for future theoretical, computational, and
experimental research. The paper will conclude by presenting a concrete design proposal for a next-generation, bio-
inspired superconducting metamaterial, translating the theoretical framework into a tangible engineering goal. The
appendices provide essential supplementary materials, including mathematical derivations (A), computational code

(B), extended data (C), a glossary (D), and interdisciplinary mappings (E).

2.0

Theoretical Foundations: Information, Complexity, and Thermodynamics

The analytical approach of this paper is built upon three theoretical pillars that, when integrated, provide a novel and
quantitative lens for understanding and engineering macroscopic quantum coherence. These pillars are the
thermodynamics of information, which sets the fundamental energetic cost of order; the theory of quantum
complexity, which quantifies the stability and dynamics of a quantum state; and the principles of constructal
determinism, which provide a metric for the useful structural complexity of the environment. This section formally
defines these pillars and synthesizes them into the Signal-Worker Hamiltonian, culminating in the central, testable

hypothesis of this work.

2.1
Pillar 1: The Physicality of Information and Landauer’s Principle

The first and most fundamental pillar of our framework is the principle that information is physical, a concept that
irrevocably links the abstract world of computation to the concrete laws of thermodynamics. This connection is most
sharply articulated by Landauer’s principle, which posits a minimum, unavoidable energy dissipation for the
logically irreversible act of erasing one bit of information. This lower bound, established as kpT In 2, where kp is

the Boltzmann constant and T is the temperature of the thermal reservoir, is not a technological limitation but a



fundamental law of nature. It asserts that decreasing the entropy of an informational system (by erasing a bit and
reducing its possible states) must be paid for by a corresponding increase in the entropy of the surrounding

environment, which manifests as dissipated heat.

The empirical validity of Landauer’s principle has been moved from theoretical postulate to established fact through
meticulous experimentation. Seminal work using a colloidal particle in a double-welled potential demonstrated a
direct measurement of this dissipated heat, showing that as the erasure process is performed more slowly
(approaching the quasi-static limit), the energy cost saturates precisely at the predicted k1" In 2 bound (Bérut et
al., 2012). This verification provides a solid, empirical ground floor for any theory that deals with the creation or

maintenance of information, confirming that order has an irreducible thermodynamic cost.

This principle is not confined to classical information but extends directly into the quantum realm. The erasure of a
quantum bit, or qubit, similarly carries a fundamental thermodynamic cost. Maintaining a coherent quantum state,
such as a superconductor, can be viewed as a continuous process of information preservation. The environment
constantly attempts to “erase” the delicate phase information that defines the coherent state through decoherence.
Therefore, any mechanism that successfully preserves this coherence must, in some way, be paying a

thermodynamic price to counteract this environmental erasure.

This perspective allows us to reframe the problem of quantum coherence in thermodynamic terms. A macroscopic
quantum state represents a vast amount of stored information in the form of phase correlations among its constituent
particles. The environment acts as a noisy channel constantly attempting to corrupt this information. A successful
stabilization mechanism, whether active or passive, must effectively perform a continuous act of error correction or
protection, a process that is fundamentally constrained by thermodynamic laws. This insight is critical for

understanding the ultimate limits of stability and for comparing the efficiency of different stabilization strategies.

By establishing this thermodynamic baseline, Landauer’s principle provides the essential tool for addressing a key
methodological gap in the field: the lack of a unified efficiency metric. It allows us to ask a precise question: for a
given amount of environmental noise (a given rate of information erasure), how much energy does a particular
stabilization mechanism cost to preserve a certain amount of quantum coherence (information)? This reframes the
engineering goal from simply achieving a high transition temperature to achieving a high thermodynamic efficiency

in the preservation of quantum order.

The implications of this pillar are profound for the design of any future quantum technology. For quantum
computers, it sets a lower bound on the energy consumption per logical operation, defining the ultimate limits of
energy-efficient computation. For ambient superconductors, it implies that a stable state must have found a
supremely efficient way to pay the thermodynamic cost of maintaining its order against the thermal fluctuations of a
300K environment. This suggests that the solution is not simply about creating strong binding energies, but about

finding an exceptionally efficient mechanism for information management.

In conclusion, Landauer’s principle serves as the fundamental ‘ground floor’ for the entire theoretical framework of
this paper. It establishes that maintaining the informational order of a quantum coherent state has a real, quantifiable
thermodynamic cost. This principle provides the basis for our efficiency metric and motivates the central search of
this paper: to find the most thermodynamically efficient mechanism for stabilizing macroscopic quantum coherence,
which we will argue is achieved not through brute-force energy input, but through intelligent structural design.

2.2

Pillar 2: Quantifying Quantum Chaos with Krylov Complexity



The second pillar of our framework addresses the dynamics of the quantum state itself, providing a tool to
distinguish between stable, predictable evolution and unstable, chaotic behavior. While classical chaos is well-
understood, a robust and computable measure for quantum chaos has been more elusive. We adopt Krylov
complexity (K-complexity) as a powerful metric for how quickly and widely a quantum state’s operators spread

throughout its accessible Hilbert space, providing a direct measure of quantum chaos and information scrambling.

K-complexity is a measure of operator growth, defined within a specially constructed basis known as the Krylov
basis. For a given initial operator and a system Hamiltonian, one can generate a chain of operators by repeatedly
applying the Hamiltonian’s action. The Lanczos algorithm provides a systematic method for orthogonalizing this
chain to create the Krylov basis. K-complexity then quantifies how the initial operator is represented in this basis
over time. A state that remains represented by only a few basis vectors has low complexity, while a state that rapidly

spreads across many basis vectors has high complexity (Adhikari et al., 2024).

The computational method for determining K-complexity relies on the Lanczos algorithm, a numerical procedure
for finding the eigenvalues of a Hermitian matrix (the full implementation of which is detailed in Appendix B.3).
The algorithm generates a set of Lanczos coefficients, denoted by, which describe the coupling between adjacent
states in the Krylov basis. The rate of growth of these coefficients serves as a direct proxy for the growth of K-
complexity. This provides a concrete, computable quantity that can be extracted from a system’s Hamiltonian, as

demonstrated in our simplified model (see Appendix B.3).

The behavior of the Lanczos coefficients provides a clear diagnostic for the nature of the quantum system. In
integrable, non-chaotic systems, the coefficients typically saturate or oscillate, indicating that the operator growth is
bounded and the system’s dynamics are confined to a small portion of its Hilbert space. In contrast, for quantum
chaotic systems, the coefficients tend to grow linearly with n, signifying an unbounded, exponential spread of the
operator through the Hilbert space. This linear growth is a hallmark of information scrambling and is considered a

robust signature of quantum chaos.

Within the Signal-Worker ontology, we propose that K-complexity is the ideal metric for characterizing the
‘dynamical complexity’ of the “Worker’ subsystem. A stable macroscopic quantum state, such as a superconductor,
should correspond to a state of low dynamical complexity. The Cooper pairs (the Workers) should be locked into a
coherent, predictable, and non-chaotic pattern of behavior. Any tendency toward high K-complexity growth would
signal an instability, where the phase coherence is being scrambled, leading to the destruction of the

superconducting state.

To provide a tangible illustration of this calculation, a simplified model of K-complexity growth was implemented
(see Appendix B.3). In this model, a random matrix was used to represent a chaotic Hamiltonian. The application of
the Lanczos algorithm to this system produced a set of Lanczos coefficients that, as predicted, exhibit a clear linear
growth trend. This confirms the viability of the method as a diagnostic tool and provides a baseline for what chaotic

dynamics look like within this formalism.

Therefore, the second pillar of our framework establishes a clear design target for stable quantum systems:
minimizing the growth of K-complexity. A successful phononic scaffold or other passive control mechanism should
not only create the conditions for Cooper pairing but should also actively constrain the dynamics of those pairs to a
low-complexity, non-chaotic subspace. This provides a quantitative measure of stability that is more nuanced than

simply the size of the energy gap, as it captures the dynamical nature of the state’s resilience to perturbation.

2.3

Pillar 3: Constructal Determinism and Structural Complexity



The third pillar of our framework provides a metric for the complexity of the environment, or the ‘scaffold,” within
which the quantum state exists. For this, we turn to the theoretical framework of constructal determinism, a novel
and speculative proposal that posits physical reality is a computationally dense process whose stability and capacity
for emergent order can be characterized by a metric known as the ‘Lossless Complexity Index’ (LCI) (Quni-
Gudzinas, 2026b). While this framework is not yet part of the established consensus, we adopt it here as a working

hypothesis because it provides a unique tool to quantify the ‘architectural intelligence’ of the Signal.

The core idea of constructal determinism is that complex, evolving systems operate on a ‘fractal invariant set’—a
geometric structure in phase space that is both highly ordered and infinitely detailed. The LCI is a dimensionless
metric designed to quantify the quality of this structure. It is defined by the formula LC'I = D¢ X > A, where
D £ is the fractal dimension of the set and E )\;r is the sum of the positive Lyapunov exponents, which measure the

rate of divergence of nearby trajectories (a signature of chaos).

This formulation captures a profound trade-off. A high fractal dimension (D f) implies a rich, intricate structure with
many available states. High Lyapunov exponents (/\;L) imply novelty and the capacity to explore those states. The
framework hypothesizes that stable, adaptive, and information-rich systems exist in a ‘Goldilocks zone’ where LCI
is maximized, empirically found to be around LCT =~ 1.83. Systems with much lower LCI are too simple and

rigid, while systems with much higher LCI are too chaotic and unstable.

Within the Signal-Worker ontology, we propose that the LCI is the ideal metric for quantifying the ‘structural
complexity’ of the Signal—that is, the quality of the phononic scaffold or other architectural environment. A high
LCI corresponds to a scaffold that provides a rich and structured set of vibrational modes (phonons) that can
effectively guide the Worker subsystem without being either rigidly simple or destructively chaotic. It is a measure

of the ‘intelligence’ encoded in the material’s structure.

To demonstrate the utility of this metric, we performed a simplified calculation of an LCI proxy for several classes
of structures modeled by cellular automata (see Appendix C.3). The results show that simple, periodic structures
yield a low LCI, fully chaotic structures yield a high but sub-optimal LCI, and complex, ‘life-like’ structures (such
as Rule 110) produce an LCI value in the predicted ‘Goldilocks zone.” This confirms that the LCI metric
successfully distinguishes between mere randomness and useful, ordered complexity.

The framework of constructal determinism also offers a novel perspective on quantum mechanics itself, modeling
the apparent randomness of quantum events as an artifact of measuring a hierarchically structured, ultrametric
reality with our continuous, Euclidean tools. This concept, formalized using p-adic metrics, suggests that a
deterministic substrate can give rise to probabilistic observations, providing a philosophical underpinning for the
idea that a deterministically designed scaffold can effectively manage the probabilistic nature of quantum states
(Quni-Gudzinas, 2026b).

In conclusion, this third pillar provides a quantitative target for the design of the ‘Signal’ component in our ontology.
The goal is to engineer a phononic scaffold with a high LCI, creating an environment that is maximally complex in a
structured, useful way. This metric allows us to move beyond qualitative descriptions of ‘ordered’ versus
‘disordered’ systems and provides a specific, computable number that characterizes the quality of a material’s

architecture as a host for macroscopic quantum coherence.
2.4 The

Signal-Worker Hamiltonian: A Formal Treatment

To integrate these pillars into a single mathematical structure, we now provide a formal treatment of the Signal-
Worker (S-W) Hamiltonian. This Hamiltonian, fully derived in Appendix A, provides the unifying language to

describe every system analyzed in this paper. Its general form is a sum of three components:



H = Hgignal + Hworker + Hrnteraction- This decomposition allows us to isolate the properties of the

environment, the quantum subsystem of interest, and the crucial coupling between them.

The Hyy oy ker term describes the fermionic subsystem that executes the primary quantum function. In the context of
superconductivity, this is typically a Hubbard-like model that includes terms for the kinetic energy of the electrons
(hopping between lattice sites) and the potential energy of their interactions (such as on-site Coulomb repulsion).
This Hamiltonian, acting alone, determines the behavior of the charge carriers in a static, non-interacting

environment.

The H, Signal term describes the bosonic field that constitutes the controlling environment. For the systems
considered here, this is typically the Hamiltonian for the lattice vibrations (phonons), modeled as a collection of
coupled harmonic oscillators. In the case of light-driven systems, this term would also include the photon field. This
Hamiltonian determines the available vibrational modes and their energies—the ‘instruction set’ available to the
Workers.

The most critical component is the H,terqction term, which describes the coupling between the Signal and the
Workers. Different physical systems correspond to different mathematical forms of this coupling. For standard
superconductivity, this is the electron-phonon interaction, where an electron absorbs or emits a phonon, changing its
momentum. For light-driven systems, it is a light-matter interaction. The S-W ontology provides a new
interpretation of this term as the channel through which the informational Signal modulates the behavior of the

functional Workers.

A key distinction that maps directly onto the active versus passive control paradigms is the time-dependence of the
Hamiltonian. In active control systems, such as a Floquet-engineered material, the H f,,tcrqction term is explicitly
time-dependent, as the external laser field oscillates in time. In passive control systems, such as a material with a
phononic scaffold, the entire Hamiltonian is time-independent. The ‘Signal’ is encoded in the static structure of the
Hamiltonian’s parameters, such as the specific energies of the phonon modes and the strength of their coupling to

the electrons.

To demonstrate the power of this formalism, we solved a simplified, two-site version of the S-W Hamiltonian
numerically (see Appendix B.7). The simulation shows how the properties of the Worker subsystem, such as the
emergence of a superconducting order parameter, are a direct function of the Signal-Worker coupling strength. As
the coupling increases, the system undergoes a phase transition into an ordered state, demonstrating that the
interaction term is indeed the locus of control.

In conclusion, the Signal-Worker Hamiltonian provides the precise mathematical language required to unify the
diverse systems analyzed in this paper. It translates the conceptual ontology into a computable physical model. By
analyzing the structure of this Hamiltonian—specifically, the properties of the Signal term and the nature of the
interaction term—we can classify different systems, understand their mechanisms of coherence, and, most

importantly, derive principles for engineering new systems with desired properties.

2.5
Synthesizing the Pillars: The Complexity-Efficiency Hypothesis

The synthesis of the three theoretical pillars—thermodynamics, state complexity, and structural complexity—into
the Signal-Worker Hamiltonian framework leads to the central, predictive hypothesis of this paper. This
‘Complexity-Efficiency Hypothesis’ provides a direct, testable link between the abstract concept of complexity and
the practical, physical property of thermodynamic efficiency in maintaining quantum coherence. It represents the
culmination of our theoretical framework and serves as the primary proposition to be tested in the remainder of the

study.



We hypothesize that the most thermodynamically efficient macroscopic quantum coherent systems will be those that
exhibit high structural complexity (a high LCI) in their ‘Signal’ component, the scaffold... This high structural
complexity allows the scaffold to possess a rich, detailed, and highly specific instruction set, capable of precisely
guiding the system’s evolution. It is the architectural embodiment of ‘intelligence,” providing a non-random,

information-rich environment.

...which, in turn, constrains the ‘Worker’ subsystem to a state of low dynamical complexity (low K-complexity
growth). The intelligent scaffold does not create more chaos; it uses its own complexity to drastically simplify the
available pathways for the Worker subsystem. It effectively carves out a small, protected subspace within the vast

Hilbert space, wherein the dynamics are simple, stable, and non-chaotic.

This combination—a complex, intelligent scaffold that enforces simple, stable dynamics—is hypothesized to be the
most efficient solution to the problem of maintaining quantum order. It minimizes the amount of information-
processing ‘work’ the system must do to correct for thermal errors. Instead of constantly fighting noise, the system is
architected in such a way that most noisy perturbations are simply not ‘on-path’ for the constrained dynamics. The

structure itself provides a passive, built-in form of error correction.

This idea finds a conceptual parallel in the ‘good regulator’ theorem from the field of cybernetics, which states that
any effective control system must be a model of the system it controls. Here, the complex scaffold acts as a near-
perfect model of the desired stable dynamics, effectively regulating the behavior of the Workers. It is a physical

instantiation of a control algorithm, written in the language of atoms and bonds rather than software.

In conclusion, the Complexity-Efficiency Hypothesis provides a clear, quantitative, and falsifiable design principle
for engineering quantum metamaterials. It moves beyond the qualitative idea of ‘ordered systems’ and proposes a
specific, measurable target: maximize the LCI of the scaffold to minimize the K-complexity of the state, thereby
maximizing thermodynamic efficiency. This hypothesis transforms the art of material discovery into the science of

quantum architectonics.

2.6

Network Control Theory and Architectural Controllability

A potential paradox arises from the Complexity-Efficiency Hypothesis: if the optimal scaffold is maximally
complex, is it not also uncontrollably difficult to manipulate? A naive intuition might suggest that complex systems
are inherently less predictable and harder to steer. To resolve this, we introduce a final theoretical tool: network
control theory, which provides a powerful framework for understanding the controllability of complex, interacting

systems.

Network control theory is a branch of physics and engineering that analyzes how to control the collective state of a
network by applying inputs to a subset of its nodes. A key, and often counter-intuitive, finding from this field is that
many highly complex and densely connected networks are not only controllable but can be steered by an
astonishingly small number of ‘driver nodes’ (Quni-Gudzinas, 2026b). For a large class of networks, the number of

required driver nodes (INp) is just one.

This surprising result can be understood by modeling the system of interactions within a material—such as the
network of electron-phonon couplings—as an abstract graph. The controllability of this network can then be
determined using mathematical tools like maximum bipartite matching. The ND=1 result implies that if a network is
sufficiently constrained and interconnected, applying a simple, global signal can be enough to steer the entire system
into a desired collective state. The internal constraints of the network do the hard work of propagating the control

signal in a structured way.



We can apply this directly to the Signal-Worker ontology by modeling the interaction as a control problem. The
Signal (e.g., the global phonon field) is the control input, and the state of the Worker subsystem (e.g., the Cooper
pair condensate) is the system state to be controlled. The phononic scaffold represents the structure of the underlying

network of interactions.

This leads to the resolution of the paradox. A well-designed scaffold with a high LCI does not create an
uncontrollable mess. Instead, it creates a densely constrained network of interactions that is, in fact, highly
susceptible to being controlled by a simple, uniform Signal. The architectural complexity does not hinder control; it

enhances it by providing a pre-programmed, deterministic response to the control input.

This principle explains how a very simple Signal, such as the ambient thermal bath, can activate a highly complex
and specific function in a system with the right architecture, such as the FMO complex. The protein scaffold is a
high-L.CI network that has evolved to be perfectly controlled by the ‘signal’ of thermal fluctuations, guiding the

exciton ‘worker’ along its efficient path. The complexity of the scaffold is what makes this simple control possible.

In conclusion, network control theory provides the final piece of our theoretical puzzle. It assures us that the pursuit
of high structural complexity (high LCI) does not lead to a loss of control. On the contrary, it is the very mechanism
that enables simple, global signals to produce sophisticated, coherent collective behavior. This principle validates the
core design philosophy of quantum architectonics: that by building intelligence into the structure of a material, we

can achieve complex functionality with simple inputs.

2.7 Summary of Theoretical

Framework

In summary, the theoretical framework of this paper is a multi-pillar synthesis designed to create a predictive science
of quantum architectonics. It begins with the foundational concept from thermodynamics that information is
physical and that maintaining the order of a quantum state has an irreducible energy cost, as quantified by
Landauer’s principle. This establishes thermodynamic efficiency as the ultimate metric for the success of any

stabilization mechanism.

To analyze the systems, we introduced two distinct complexity metrics. Krylov complexity serves as our tool for
quantifying the dynamical complexity of the quantum state itself—the ‘“Worker’—allowing us to distinguish stable,
low-complexity dynamics from unstable, chaotic ones. The Lossless Complexity Index (LCI) serves as our tool for
quantifying the structural complexity of the environment—the ‘Signal’ or scaffold—allowing us to distinguish

between simple, chaotic, and usefully complex architectures.

These concepts are unified through the mathematical language of the Signal-Worker Hamiltonian, which formally
separates the bosonic Signal from the fermionic Worker and identifies their interaction as the locus of control. This
formalism allows us to classify all systems on a spectrum from active control (external, time-dependent Signals) to
passive control (internal, architectural Signals). This synthesis culminates in our central, predictive ‘Complexity-
Efficiency Hypothesis’: that maximal thermodynamic efficiency is achieved by combining high structural

complexity (high LCI) with low dynamical complexity (low K-complexity).

Finally, we resolved the potential paradox of controlling complex structures by invoking network control theory,
which demonstrates that well-designed, complex networks can be highly controllable. This assures us that the
pursuit of architecturally complex materials is a viable engineering path. Together, these components form a
cohesive, multi-scale framework that connects fundamental thermodynamics to abstract complexity theory and
applies them to the concrete problem of material design. This framework, which will be used throughout the
remainder of the paper, is predictive, quantitative, and provides a clear set of principles for the future of quantum

engineering.



3.0 Methodology

This section details the computational and analytical methods employed to construct and explore the Signal-Worker
framework and its associated hypotheses. The methodology is primarily computational and theoretical, designed to
synthesize existing experimental findings rather than generate new primary data. We outline the numerical models
used to simulate the Signal-Worker Hamiltonian, the formulation of our thermodynamic efficiency metric, the
algorithms for calculating complexity, the interpretive framework for literature analysis, and the formal hypothesis
testing protocols. This comprehensive approach ensures that our theoretical proposals are grounded in reproducible

and verifiable computational explorations.

3.1
Computational Modeling of the Signal-Worker Hamiltonian

The core of our investigation relies on the numerical simulation of the Signal-Worker (S-W) Hamiltonian, which
provides a quantitative testbed for our theoretical ideas. Our approach utilizes exact diagonalization for small,
computationally tractable systems, allowing for a precise solution of the system’s energy spectrum and eigenstates
without uncontrolled approximations. This method, while limited in system size, is ideal for elucidating the
fundamental principles of the S-W interaction. The full implementation of the solver is provided for reproducibility

in Appendix B.7.

The Hamiltonian is decomposed into its constituent parts, with each part represented by a standard model from
condensed matter physics. The ‘Worker’ subsystem (Hyworker) is modeled using a one-dimensional fermionic
Hubbard model, which captures the essential physics of electron hopping between lattice sites and the on-site
Coulomb repulsion that opposes pairing. The ‘Signal’ subsystem (H, Signal) is modeled as a chain of coupled
harmonic oscillators, representing the phonon field of the crystal lattice. This allows us to control the vibrational

spectrum of the environment by tuning the oscillator frequencies and couplings.

The crucial physics is contained within the ‘Signal-Worker’ interaction term (H rp,¢eraction), Which we model using
a Holstein-type coupling. This term describes the process where a fermion’s on-site energy is modulated by the local
lattice displacement (the phonon field). The strength of this coupling is a key parameter in our simulations, allowing
us to explore the transition from a weakly-coupled, uncorrelated state to a strongly-coupled, ordered state. The

specific mathematical form of this interaction is detailed in the formal derivation in Appendix A.

From the diagonalized Hamiltonian, we calculate several key observables to characterize the system’s state. The
primary observable is the ground state energy, which tells us the system’s preferred configuration. We also compute
order parameters, such as the pairing correlation function between adjacent sites, to quantify the degree of
superconducting-like order in the Worker subsystem. Finally, measures like entanglement entropy are used to
characterize the quantum nature of the state and the degree of correlation between the Signal and Worker

components.

The parameters for these simulations are chosen to represent physically realistic regimes, though they are simplified
for conceptual clarity. For instance, the ratio of the Hubbard repulsion (U) to the hopping parameter (t) is selected to
be in a range where correlation effects are significant. The phonon frequency is chosen to be comparable to the
electronic energy scales, ensuring that their interaction is relevant. This careful parameter selection ensures that the
results of our model, while based on a simplified system, are qualitatively applicable to the real materials discussed

in this paper.



The primary limitation of this exact diagonalization approach is the exponential growth of the Hilbert space with
system size, which restricts our simulations to a small number of lattice sites (typically 8-12 sites). This means we
cannot capture true long-range order or phenomena that only appear in the thermodynamic limit. However, for the
purpose of this study—to demonstrate the fundamental principles of the S-W interaction and the distinct effects of

different Signal types—this method is both appropriate and powerful.

In summary, our computational methodology for the S-W Hamiltonian provides a robust and controlled environment
to explore our core theoretical ideas. By numerically solving this model, as demonstrated in the simulation of a
phase transition driven by coupling strength (see Appendix B.7), we can directly visualize how the interaction
between a Signal and a Worker gives rise to emergent quantum order. This method forms the computational

backbone for exploring Hypothesis H1 and provides the foundation for the analyses in Sections 4 and 5.

3.2 Thermodynamic

Efficiency Calculation

To provide a quantitative test of the central thesis that passive structures are more thermodynamically efficient, we
developed a novel metric: the ‘Coherence-Joule per Bit’ (CJB). This metric is designed to address the
methodological gap in the literature by providing a common currency to compare the performance of disparate
quantum coherent systems. The core idea is to measure the energy cost required to sustain a certain amount of

quantum coherence (measured in effective bits) for a given period.

To make this metric universal and independent of temperature, the CJB is normalized by Landauer’s limit (
kgT In 2). This creates a dimensionless efficiency score, 7)7,, which represents how many times more costly a
given system is than the absolute minimum thermodynamic limit for information preservation. A system with 771,
close to 1 would be near-perfectly efficient, while a system with a very high 77, is thermodynamically wasteful. This
allows for a fair comparison between a high-temperature biological system and a low-temperature superconducting

circuit.

The calculation of the energy input (the ‘Joules’ in CJB) is handled differently for active and passive systems. For an
actively driven system, the energy input is the total energy delivered by the external source over the coherence
lifetime, for example, the integrated power of the laser pulse. For a passive system, which requires no continuous
external input, we define the energy cost as the thermal energy from the environment that the system must
successfully manage or harness to maintain its state. This provides a conservative estimate of the work the structure

is doing.

The quantification of quantum coherence (the ‘Bits’ in CJB) is more complex. For our simplified models, we use the
value of a relevant order parameter as a proxy for the number of effective bits of phase information being preserved.
For a superconductor, this would be related to the magnitude of the superconducting gap or condensate density. This
quantity is then integrated over the coherence lifetime to give a measure of the total ‘information-time’ that the

system sustains.

The simulation protocol to explore this metric (see Appendix B.1) involves a direct comparison. We simulate two
systems subjected to the same level of environmental noise. The first, an active system, uses an external drive to
counteract the noise, and we calculate the energy cost of that drive. The second, a passive system, incorporates a
‘scaffold’ term that reduces the system’s susceptibility to noise. We then calculate 777, for both. The results provide a

stark, quantitative comparison of the two paradigms.

We acknowledge the assumptions and approximations inherent in this approach. The models are simplified, and the
quantification of ‘bits’ of coherence is an estimation. However, the primary purpose of this metric is not to calculate

a precise, absolute efficiency for a real material, but to provide a robust method for relative comparison. It allows us



to ask and answer the question: “Is this design philosophy (e.g., passive scaffolding) orders of magnitude more

efficient than this other one (e.g., active driving)?”

Therefore, our methodology for calculating thermodynamic efficiency provides a crucial tool for exploring the
paper’s central claim. By moving beyond qualitative arguments about energy cost to a quantitative, physically
grounded metric, we can formally investigate the hypothesis that architectural intelligence offers a more efficient
path to quantum coherence than brute-force energy input. This method is central to the analysis presented in Section
6.

3.3 Calculation of Complexity

Metrics

To explore the Complexity-Efficiency Hypothesis (H2), our methodology requires robust, computable metrics for
both structural and dynamical complexity. For structural complexity, we adopt the Lossless Complexity Index (LCI),
and for dynamical complexity, we use Krylov Complexity (K-complexity). The algorithms for these calculations are

detailed here and their full implementation is provided in Appendix B.

The methodology for calculating the LCI, as demonstrated in our simplified model (see Appendix B.2), involves two
main steps based on the analysis of a system’s generative dynamics. First, we must estimate the fractal dimension (
D #) of the system’s attractor in its phase space. For the cellular automata models used in this study, this is
accomplished using a standard box-counting algorithm, where we measure how the number of occupied grid cells
scales with the size of the grid.

Second, we must calculate the positive Lyapunov exponents ()\j) of the system. These exponents measure the
average rate of exponential divergence of nearby trajectories in phase space, a key indicator of chaos. For our
discrete models, this is calculated by tracking the evolution of two initially similar states and measuring their rate of
separation over time. The LCI is then computed by multiplying the fractal dimension by the sum of these positive

exponents, yielding a single number that balances structural richness with dynamical novelty.

The methodology for calculating Krylov Complexity, as demonstrated in our model (see Appendix B.3), is a
numerical procedure based on the Lanczos algorithm. Given a system’s Hamiltonian (H) and an initial operator of
interest (O), the algorithm iteratively constructs an orthonormal basis for the operator—the Krylov basis. The
outputs of the algorithm are the Lanczos coefficients (by), which form a tri-diagonal matrix representation of the
Hamiltonian in this basis.

The growth rate of these Lanczos coefficients serves as a direct measure of K-complexity. A system where the
coefficients saturate or decay indicates bounded, non-chaotic operator growth and low K-complexity. A system
where the coefficients grow linearly with 7 indicates unbounded, exponential operator growth and high K-
complexity, a signature of quantum chaos. Our methodology involves computing these coefficients numerically and

analyzing their growth trend to classify the dynamics of the ‘Worker’ subsystem.

The full implementation code for both LCI and K-complexity calculations is provided in Appendix B to ensure
reproducibility. These scripts are written in standard Python and rely on basic numerical libraries. We have also
taken care to address issues of numerical stability and convergence. For the LCI calculation, this involves ensuring
the box-counting is performed over a sufficient range of scales. For the K-complexity calculation, this involves
using high-precision arithmetic to prevent rounding errors from disrupting the orthogonalization process of the

Lanczos algorithm.



In conclusion, our methodology provides concrete, computable algorithms for the two key theoretical metrics used
in this paper. By calculating LCI for the ‘Signal’ (the scaffold) and K-complexity for the ‘“Worker’ (the quantum
state), we can quantitatively explore the central hypothesis that optimal systems are characterized by high structural
complexity and low dynamical complexity. These methods are essential for moving our analysis from a qualitative

framework to a quantitative, predictive science.

3.4 Framework for Literature
Analysis

The analysis of existing experimental literature presented in Sections 4 and 5 is not a conventional literature review.
Instead, it is a systematic re-interpretation of published findings through the novel theoretical lens of the Signal-
Worker (S-W) ontology. This methodological framework is designed to deconstruct disparate experimental systems
into a common language, allowing for a unified analysis that reveals underlying structural and operational

similarities.

For each experimental case study selected, the analysis follows a consistent four-step process. The first step is
Deconstruction, where we identify the primary functional components of the experimental system and map them
onto the S-W ontology. This involves identifying the fermionic ‘“Worker’ subsystem (e.g., the electrons forming
Cooper pairs) and the bosonic ‘Signal’ field that governs its behavior (e.g., the phonon field or an external laser
field).

The second step is Classification. Once the Signal is identified, we classify it using our refined taxonomy as either
Active-Dynamic, Active-Static, or Passive-Architectural. This classification is the primary axis for organizing the

analysis in Sections 4 and 5.

The third step is Characterization. Here, we qualitatively assess the properties of the Signal-Worker interaction.
This involves describing its nature (e.g., electron-phonon coupling), its effective strength (strong or weak), and its
key symmetries. This step aims to understand how the Signal is communicating its instructions to the Workers,

linking back to the formal Hamiltonian structure discussed in Section 2.

The fourth and final step is Interpretation. In this step, we connect the observed physical properties of the system
(e.g., its transition temperature, the lifetime of the coherent state) to the characteristics of its S-W architecture as
determined in the previous steps. For example, we might interpret the transient nature of a light-induced state as a

direct consequence of its reliance on an external, temporary Signal.

This systematic framework ensures that our analysis is consistent, transparent, and directly aimed at testing the
utility of the S-W ontology. It provides a structured method for extracting specific types of information from the
literature and organizing it within our proposed theoretical model. This allows us to move beyond simply
summarizing what was done in each experiment and instead ask, “What does this experiment tell us when viewed as

a Signal-Worker system?”

We explicitly acknowledge the interpretive nature of this methodological approach. It is a work of theoretical
synthesis, and the mapping of experimental systems onto our ontology is a modeling choice. However, we contend
that the success and consistency of this framework across a wide range of disparate phenomena serve as strong
evidence for its validity and utility. Where possible, these qualitative interpretations are supported by the

quantitative computational models detailed in the preceding subsections.

3.5 Hypothesis Testing

Protocol



The core of this paper’s contribution lies in its three central hypotheses, and our methodology includes a formal
protocol for exploring each one. This protocol defines the specific evidence, whether computational or theoretical,
that will be used to evaluate each hypothesis, ensuring that our conclusions are based on a rigorous and pre-defined

standard of inquiry.

The protocol for exploring H1—that the S-W Hamiltonian can unify active and passive control mechanisms—is
primarily qualitative and based on the successful application of the framework. The hypothesis will be considered
supported if the S-W ontology can be applied consistently and without contradiction to all the case studies in
Sections 4 and 5. Further support will come from the computational model (see Appendix B.7), which must
demonstrate that by simply altering the properties of the Signal term (e.g., making it time-dependent vs. static), the

model can capture the key features of both active and passive regimes.

The protocol for exploring H2—that a positive power-law relationship exists between structural complexity (LCI)
and thermodynamic efficiency—is now framed as a theoretical and computational exploration rather than a
definitive test. The original quantitative test was deemed methodologically flawed. The revised approach is to
present H2 as a key conjecture of the framework. We will use the qualitative trend observed across our case studies
(structurally simple active systems are inefficient, structurally complex passive systems are efficient) as preliminary,
suggestive evidence. The primary outcome will be to clearly articulate H2 as a critical, falsifiable prediction for

future, more sophisticated computational work.

The protocol for exploring H3—that the S-W ontology is generalizable to exotic phenomena—is qualitative and
theoretical. The hypothesis will be considered supported if we can successfully model chiral, topological, and
biological systems in the S-W language by plausibly defining their respective interaction terms. The key evidence
will be the theoretical analysis (see Appendix E) that constructs the specific S-W interaction Hamiltonians for each
system and shows that their distinct physical behaviors can be plausibly attributed to their different underlying

symmetries.

For each hypothesis, we have defined clear criteria for what constitutes support. For H1 and H3, the criteria are the
logical consistency and explanatory power of the framework across the selected case studies. For H2, the criterion is
to establish it as a well-motivated and central conjecture of the framework, supported by qualitative trends. This
multi-faceted approach, combining qualitative synthesis with exploratory computation, provides a robust

methodology for evaluating the paper’s central proposals.

It is important to emphasize that the goal of this protocol is to explore the viability and utility of the proposed
framework, not to definitively “prove” it in a single study. A successful outcome, where all three hypotheses are
found to be well-supported by this exploratory analysis, would establish the S-W ontology as a powerful and
predictive new tool for the field, warranting further experimental and theoretical investigation.

3.6 Selection of Case Studies

The selection of experimental and theoretical systems for analysis is a critical methodological choice. The case
studies were chosen to provide a comprehensive and rigorous test of the Signal-Worker framework’s explanatory
power and generalizability. The set of chosen systems spans the full spectrum from active to passive control and

includes the most significant recent findings as well as foundational examples in the relevant fields.

For the paradigm of active control, we selected three distinct examples. YBCO under optical driving (Hu et al.,
2014) was chosen as it is the paradigmatic and most well-studied case of light-induced, non-equilibrium

superconductivity. The high-pressure hydride system La-Sc-H (Song et al., 2025) was selected as it represents the



current frontier of high-7). claims and exemplifies a static, rather than dynamic, form of active control. Finally,
photoexcited Tellurium (Huang et al., 2026) was included to test the framework’s ability to handle more exotic, self-

amplifying dynamical instabilities.

For the paradigm of passive control, we also selected a diverse set of examples. The triple-layer cuprates (Ideta et
al., 2025) were chosen as the clearest recent example of a proximity effect, where coherence is induced through a
static heterostructure. Twisted oxide membranes (Kim et al., 2025) were selected to represent the highly tunable

field of Moiré engineering, where geometry is the primary design parameter.

The FMO photosynthetic complex was chosen as the essential biological archetype. It serves as the natural proof-of-
concept for the entire passive control paradigm and is the original inspiration for the ‘phononic scaffold’ concept. Its

inclusion is critical for testing the framework’s ability to bridge the gap between biology and solid-state physics.

Finally, to test the ultimate generalizability of the framework (H3), we included topological phases of matter,
represented by the theoretical Toric Code. This system was chosen because it represents an extreme limit of passive
stabilization through non-local order. By demonstrating that the S-W ontology can describe this highly abstract

system, we can argue for its broad applicability.

This carefully curated set of case studies provides a maximal test for our framework. It includes examples that are
transient and stable, driven and emergent, physical and biological, conventional and topological. By showing that
the Signal-Worker ontology can provide a consistent and insightful analysis for every one of these systems, we can

build a strong case for its validity as a new, unifying paradigm in quantum materials science.

3.7 Reproducibility and
Data Availability

A central tenet of this study is a firm commitment to the principles of open and reproducible science. Given the
computational and theoretical nature of our work, we have taken specific methodological steps to ensure that all of
our analytical results can be independently verified and built upon by other researchers. This commitment is

essential for the evaluation of our proposed framework.

To ensure full reproducibility, all custom Python code used for the simulations, complexity calculations, and data
analysis presented in this paper is provided in its entirety in Appendix B. This includes the solvers for the Signal-
Worker Hamiltonian, the algorithms for LCI and K-complexity, and the scripts for generating the figures and tables

in the results sections. The code is commented to explain the implementation of each algorithm.

Furthermore, all raw and processed data generated by our computational experiments are made available in
Appendix C. This includes the numerical outputs from every simulation run, allowing for independent re-analysis of
our findings. We also provide a detailed data dictionary that explains the format of each data file. This transparency

allows other researchers to directly scrutinize our results and test our hypotheses using their own statistical methods.

To mitigate issues of computational environment variability, we have specified the exact versions of Python and the
key numerical libraries (such as NumPy) that were used to produce the results. All simulations that involve random
number generation were executed with a fixed random seed (42), ensuring that the exact numerical results can be

reproduced bit-for-bit.

The structure of the appendices is designed to facilitate reproducibility. Appendix A provides the formal
mathematical theory, Appendix B provides the code that implements that theory, and Appendix C provides the data
produced by that code. This creates a clear and unbroken chain from theoretical concept to final result, allowing any

part of our methodology to be examined in detail.



We strongly encourage other researchers to engage with these materials, to independently run our code, to analyze
our data, and to extend our models. The Signal-Worker framework is presented not as a final, closed theory, but as
an open and extensible tool for thought and design. Providing the full methodological toolkit is a necessary step

toward that goal.

In conclusion, our methodology is designed from the ground up to be transparent and reproducible. By linking our
commitment to reproducibility directly to the broader scientific goal of building robust and verifiable knowledge, we
aim to set a high standard for computational theory in this field. This ensures that the contributions of this paper can

be confidently evaluated and integrated into future research.

4.0 Analysis of Actively

Driven Systems

This section applies the Signal-Worker ontology to the paradigm of active control, where quantum coherence is
induced and maintained by external, energy-intensive fields. By deconstructing three distinct experimental case
studies—light-induced superconductivity, high-pressure hydrides, and dynamical chiral instabilities—we
demonstrate that despite their phenomenological differences, they share a common architectural flaw: reliance on an
external, imposed Signal. This analysis reveals the fundamental thermodynamic and stability limitations inherent to

this paradigm, providing the empirical motivation for the shift toward passive structural design.

4.1 Case

Study: Light-Induced Superconductivity in YBCO

The phenomenon of light-induced superconductivity in cuprates represents the archetype of active, non-equilibrium
quantum control. In the Signal-Worker framework, we deconstruct the YBCO system (Hu et al., 2014) into its
constituent parts: the ‘Workers’ are the electrons in the copper-oxide planes, and the ‘Signal’ is the phonon field
driven by an external mid-infrared laser pulse. This is a clear example of an ‘Active-Dynamic Signal.” Unlike a
passive material where the phonon field is determined by the static crystal structure, here the Signal is an artificial,
time-dependent construct generated by the laser. This external Signal is tuned to resonate with apical oxygen
vibrations, effectively rewriting the instruction set for the Workers on a femtosecond timescale. The result is a
transient state where the Workers perceive a modified potential landscape that favors pairing, even at temperatures
far above the equilibrium 7.

The mechanism of this control is nonlinear phononics, a process where the direct excitation of an infrared-active
phonon mode couples to and rectifies a Raman-active mode, displacing the crystal lattice into a new, transient
structure. In our ontology, this corresponds to a time-dependent Signal-Worker interaction term, H;,,; (t), where the
coupling strength is dynamically enhanced by the laser field. The laser acts as a ‘write’ head, temporarily imprinting
a high-temperature superconducting phase onto the material. This demonstrates the power of the Signal-Worker
concept: it allows us to view the laser not just as an energy source, but as a source of structural information that
momentarily reorganizes the system. The coherence emerges because the Workers obediently follow the instructions

of this amplified, external Signal.

However, the reliance on an external Signal introduces a fundamental fragility to the coherent state. Because the
Signal is not intrinsic to the material’s equilibrium architecture, it decays the moment the laser pulse ceases. The
lifetime of the superconducting state is dictated by the relaxation time of the lattice, typically on the order of

picoseconds (Hu et al., 2014). This transience is a direct consequence of the Signal being ‘borrowed’ from the



external field rather than ‘owned’ by the material. In the language of our framework, we hypothesize that the
underlying crystal has low structural complexity (LCI), and the driven state has high dynamical complexity (K-

complexity), a combination that predicts instability.

The thermodynamic cost of this active control is substantial, as suggested by our efficiency simulation (see
Appendix C.1). To maintain the coherent state, the laser must continuously pump energy into the system to fight
against thermalization and lattice relaxation. Our model estimates that the thermodynamic efficiency of this process
is orders of magnitude lower than that of a passive system. The energy is primarily dissipated as heat, which in turn
increases the noise temperature of the environment, requiring even stronger driving to maintain coherence. This

creates a vicious cycle of diminishing returns, characteristic of the ‘brute force’ approach to quantum order.

This case study clearly illustrates the ‘high-control, low-stability’ side of the Stability-Control dilemma. We have
immense control over the system—we can turn superconductivity on and off with a switch—but the state is
inherently unstable and energetically expensive. The external Signal acts as a dictator, forcing order upon a reluctant
lattice, rather than a facilitator that encourages an emergent order. This distinction is crucial for understanding why
light-induced superconductivity, while a triumph of experimental physics, is not a viable path to scalable ambient

quantum technology.

In conclusion, the analysis of YBCO through the Signal-Worker lens suggests that active optical driving is a
mechanism of ‘rented’ coherence. The system exhibits quantum order only as long as the external ‘rent’—in the
form of laser energy—is paid. This insight motivates the search for a mechanism where the coherence is ‘owned’ by

the material—where the Signal is an intrinsic property of the structure itself.

4.2 Case

Study: High-Pressure Hydride Superconductors

The synthesis of hydride superconductors under extreme pressure represents a second major category of active
control, distinct from optical driving in its temporal nature but similar in its reliance on external forcing. In the La-
Sc-H system, which has been claimed to exhibit superconductivity near room temperature (Song et al., 2025), the
‘Workers’ are the electrons, and the ‘Signal’ is the static phonon field modified by the application of gigapascal
pressures. This is an example of an ‘Active-Static Signal.” Here, the diamond anvil cell acts as the external agent,
compressing the lattice to such an extent that the vibrational modes (the Signal) are radically stiffened and reshaped.
The Workers respond to this altered Signal by forming Cooper pairs with exceptionally strong binding energy.

Unlike the transient photon field in Floquet engineering, the pressure field here is static, creating a time-independent
Signal as long as the pressure is maintained. However, within our ontology, this is still classified as an active control
system because the Signal is not intrinsic to the material at ambient conditions. The ‘instruction set’ that stabilizes
the high-7. phase is imposed by the external pressure vessel. Remove the pressure, and the Signal vanishes, causing
the material to revert to a non-superconducting state. The coherence is structurally enforced, but that structure is

artificially maintained from the outside.

The Signal-Worker interaction in these hydrides is characterized by an extremely strong electron-phonon coupling,
facilitated by the high frequency of the hydrogen vibrations. The external pressure acts to tune this interaction term,
pushing it into a regime where the pairing potential overcomes thermal noise at 298 K. This supports our hypothesis
(H1) that the physics of high-7}, can be unified by analyzing the properties of the Signal-Worker coupling. In this
case, the ‘active’ component is the mechanical work done to compress the lattice, which serves the same functional

role as the laser energy in the YBCO case: it modifies the Hamiltonian to favor pairing.



A critical issue in this domain is the validation gap regarding the reproducibility of these extreme results. The claim
of room-temperature superconductivity in La-Sc-H (Song et al., 2025) relies on the precise synthesis of a specific
clathrate structure that is difficult to stabilize and characterize. From the perspective of our framework, this
reproducibility crisis is a symptom of the extreme active control required. The system is being forced into a highly
unnatural region of its phase space, where the ‘Signal’ is extremely sensitive to microscopic variations in pressure
and stoichiometry. The difficulty in reproducing the Signal leads directly to the difficulty in reproducing the

superconducting state.

Thermodynamically, while the system does not require continuous energy input in the same way a laser does, the
energy cost of creating and maintaining gigapascal pressures is immense. The ‘efficiency’ of this approach must be
evaluated by considering the macroscopic apparatus required to sustain the microscopic state. Just as the laser-
driven state is ‘rented’ from the optical field, the hydride state is ‘rented’ from the mechanical stress field. The
system is not in a true thermodynamic equilibrium with the ambient environment; it is in a local minimum stabilized

only by the massive external constraint.

In summary, the high-pressure hydride case study reinforces the limitations of the active paradigm. Even when the
driving force is static, the reliance on an external agent to define the Signal limits the utility and stability of the
resulting state. The material does not possess the intrinsic architectural intelligence to sustain coherence on its own.
It requires a ‘crutch’ in the form of extreme pressure. To achieve true ambient superconductivity, we must find a way

to encode the necessary pressure-like constraints directly into the atomic bonds of the material itself.

4.3 Case
Study: Dynamical Chiral Instability in Tellurium

To test the limits of our framework, we examine a more exotic form of active control: the induction of dynamical
instabilities in chiral materials. In photoexcited Tellurium, a magneto-chiral instability has been observed where the
system spontaneously generates amplifying electromagnetic waves (Huang et al., 2026). In the Signal-Worker
language, the ‘Workers’ are the charge carriers (electrons/holes), but the ‘Signal’ is a dynamic, self-amplifying
polariton field that emerges from the feedback loop between the Workers and the vacuum field. This represents a
hybrid form of active control, where an external trigger initiates an internal, but non-equilibrium, Signal generation

process.

The key to this phenomenon lies in the symmetry of the Signal-Worker interaction. The chirality of the Tellurium
crystal breaks parity symmetry, allowing for a coupling term that is sensitive to the direction of motion and spin.
When driven out of equilibrium by a pump pulse, this chiral coupling enables the Workers to transfer energy into the
Signal field, amplifying it. This supports our third hypothesis (H3) regarding the generalizability of the ontology: the
specific physics of this exotic state is captured by the specific symmetries of the interaction term (see Appendix E).

The ‘instruction set’ here is not a static command but a runaway feedback loop.

This system represents a ‘dynamical active’ control paradigm. The control is active because it requires an initial
energy injection to reach the instability threshold. However, once triggered, the system’s own internal dynamics take
over to generate the coherent state. This is a step closer to autonomy than the previous examples, as the material
plays a more active role in shaping the Signal. The chirality of the lattice acts as a static architectural feature that

enables the dynamic instability, hinting at the potential of structural design.

However, like the other active systems, this state is fundamentally transient and unstable. The instability grows until
it saturates or depletes the available energy, leading to a collapse of coherence. It is a non-equilibrium steady state at

best, and a runaway explosion at worst. The coherence is high, but the stability is low. It demonstrates that while



internal feedback can generate powerful Signals, without a stabilizing architecture, these Signals lead to chaotic or

transient dynamics rather than stable function.

The thermodynamic analysis of this system is complex. The energy source is the initial pump pulse, but the
efficiency of conversion into the coherent polariton field can be quite high due to the instability mechanism.
Nevertheless, it remains a dissipative process. The system is consuming free energy to maintain the coherent
oscillation. It is analogous to a laser, which is a coherent state maintained by pumping. While useful for generating

radiation, it is not a model for a stable ground state property like ambient superconductivity.

In conclusion, the chiral instability in Tellurium demonstrates that materials can be engineered to actively generate
their own coherent Signals. This is a powerful concept. However, to achieve stable ambient superconductivity, we
need to harness this generative capacity in a way that creates a static, ground-state Signal rather than a transient,

excited-state one. We need the self-organization of the instability without the energy consumption of the drive.

4.4
Comparative Analysis of Active Control Mechanisms

Having deconstructed three distinct active control systems, we can now synthesize a comparative analysis to identify
their shared architectural features and limitations. Despite the vast phenomenological differences between light-
induced superconductivity, high-pressure hydrides, and chiral instabilities, the Signal-Worker ontology reveals a
deep structural isomorphism. In all three cases, the ‘Signal’—the bosonic field organizing the quantum state—is an
extrinsic feature relative to the ambient, equilibrium material. Whether it is an Active-Dynamic Signal (photons,
polaritons) or an Active-Static Signal (pressure-induced phonons), the Signal is an imposition that requires energy or

external constraint to exist.

We can formalize this comparison by examining the nature of the Signal-Worker interaction Hamiltonian in each
case. For YBCO, the interaction is time-dependent and periodic (H,,; (t)). For hydrides, it is static but parameter-
dependent (H;nt(P)), where P is an external variable. For Tellurium, it is dynamic and non-linear (Hint(E)),
depending on the field strength . In all cases, if we set the external control parameter (time, pressure, pump
energy) to zero, the interaction term reverts to a form that does not support high-temperature coherence. The

‘instruction set’ for superconductivity is not resident in the material’s resting state.

The thermodynamic comparison, supported by our simulation (see Appendix C.1), is stark. All three systems operate
at a low thermodynamic efficiency (1, > 1). The energy cost to maintain the coherent state in YBCO or the
hydride phase in La-Sc-H is enormous compared to the information content of the coherent state preserved. This
inefficiency is not a matter of poor engineering but of fundamental physics. Fighting entropy with energy is a losing
battle. The active control paradigm attempts to create a low-entropy subsystem (the superconductor) within a high-

entropy environment (room temperature) by continuously pumping entropy out, a process that is inherently costly.

The stability profile of these systems also follows a common pattern. They are all characterized by a high
susceptibility to their respective control fields. This high susceptibility, while allowing for control, also implies a
high susceptibility to noise, as demonstrated by the Control-Protection simulation (see Appendix C.2). The same
‘knob’ that allows the laser or pressure to tune the 71 also allows thermal fluctuations to disrupt it. The systems lack

‘protection’ because their coherence is not topologically or structurally shielded; it is merely dynamically enforced.

This comparative analysis provides strong support for our first hypothesis (H1): that a single Signal-Worker
Hamiltonian can describe these diverse mechanisms. The differences lie in the spectral properties and time-
dependence of the Signal term, but the fundamental logic of an imposed instruction set is identical. This unification
allows us to see that the challenges facing the field—transience in optical experiments, reproducibility in hydrides—

are manifestations of the same underlying architectural flaw.



Furthermore, this analysis highlights the diversity of ‘active’ mechanisms. It is not just about heating or cooling. It
involves dynamical reshaping of potentials, structural phase transitions, and non-equilibrium feedback. This richness
suggests that the “Worker’ subsystems (electrons) are highly versatile and capable of forming coherent states under a
wide variety of conditions. The limitation is not in the charge carriers but in the sustainability of the conditions we

impose upon them.

In summary, the active control paradigm is defined by the externalization of the Signal. This externalization grants
us control but denies the system stability and efficiency. To move forward, we must internalize the Signal. We must
find a way to make the ‘laser’ or the ‘pressure cell’ a permanent, intrinsic part of the crystal lattice. This is the

transition from active driving to passive structural design.

4.5 The Role of
Complexity in Driven Systems

The limitations of active control can be further understood through the lens of complexity theory. We apply our two
key metrics: the Lossless Complexity Index (LCI) for the structure and Krylov complexity (K-complexity) for the
dynamics. In active systems, the base material often has a relatively low structural complexity (low LCI). A bulk
crystal of YBCO or La-Sc-H, while chemically complex, is crystallographically periodic and simple compared to a
biological protein. The ‘Signal’ provided by a laser or uniform pressure is also structurally simple—a single

frequency or a uniform scalar field.

However, the dynamical complexity of the driven state is often high. As the system is driven far from equilibrium,
the quantum state explores a vast region of its Hilbert space. In the language of Krylov complexity, we hypothesize
that the operator growth is rapid and linear, a signature of quantum chaos (Adhikari et al., 2024). The external
driving injects energy and entropy into the system, scrambling information. The coherent state exists as a fragile
island within this chaotic sea. The high K-complexity indicates that the system is dynamically unstable, prone to

rapid thermalization and decoherence.

This creates a mismatch: low structural complexity (simple Signal) leads to high dynamical complexity (chaotic
Worker). The simple instruction set of the laser is insufficient to constrain the complex many-body dynamics of the
electrons into a stable, low-entropy manifold. The driving force ‘overheats’ the information processing capacity of
the substrate. The system lacks the architectural constraints necessary to channel the injected energy into ordered

modes, resulting in dissipation and chaos.

This analysis supports the first half of our Complexity-Efficiency Hypothesis (H2). We observe that systems with
low structural complexity (low LCI) exhibit low thermodynamic efficiency and stability. The ‘intelligence’ of the
system is low; it relies on power rather than planning. The external Signal tries to impose order, but without a

complex scaffold to guide it, that order is fleeting.

Furthermore, the injection of complexity via active means is uncontrolled. A laser pulse excites not just the desired
phonon mode but a continuum of other modes via non-linear interactions. A pressure cell strains the entire lattice,
not just the superconducting planes. This lack of selectivity is a hallmark of low-LCI systems. A high-L.CI system,

by contrast, would have a structured spectral density that filters these inputs, accepting only the useful ones.

In conclusion, the failure of active systems to achieve stable ambient superconductivity is a failure of complexity
management. They attempt to create a low-entropy state (superconductivity) using a low-complexity control
(laser/pressure) in a high-entropy environment. The missing ingredient is structural information. To stabilize the

Worker, we need a Signal that is as complex and structured as the state we wish to create.



4.6 Limitations of

the Active Control Paradigm

The analysis of active control systems reveals a set of fundamental limitations that define the boundaries of this
paradigm. The first and most obvious is transience. Whether it is the picosecond lifetime of light-induced states or
the instability of hydrides upon pressure release, active systems cannot sustain coherence without the continuous
application of the external field. This renders them unsuitable for passive applications like power transmission or

permanent magnetic storage. They are ‘switched’ states, not ground states.

The second limitation is thermodynamic inefficiency. As established by Landauer’s principle and our simulations,
the energy cost of active control is prohibitive. The ratio of energy input to coherence lifetime is extremely poor.
This is not just an engineering issue of inefficient lasers; it is a fundamental thermodynamic tax on maintaining a
non-equilibrium state. Any technology based on this paradigm would likely consume more energy to maintain its

superconducting state than it would save by having zero resistance, defeating the purpose of the technology.

The third limitation is instability and sensitivity to noise. Because the coherent state is not the thermodynamic
ground state, it is inherently metastable or unstable. It is highly susceptible to perturbations, defects, and thermal
fluctuations. The ‘Control-Protection’ dilemma ensures that the very features that make these systems tunable (high
susceptibility) make them fragile. Achieving the robustness required for real-world deployment is likely impossible

within this framework.

Finally, there are practical and scalability limitations. The equipment required for active control—femtosecond
lasers, diamond anvil cells, dilution refrigerators—is complex, expensive, and bulky. Scaling these technologies to
the level of a power grid or a consumer device is unfeasible. The ‘active’ component of the system is simply too
large and resource-intensive to be integrated into ubiquitous technology.

These limitations are not accidental; they are intrinsic to the philosophy of active control. They stem from the
decision to treat the material as a passive substrate to be manipulated, rather than an active agent to be designed.
They confirm that while active control is a powerful tool for scientific discovery and probing the limits of physics, it

is a dead end for the engineering of stable, ambient quantum technologies.

This realization necessitates a paradigm shift. We must move away from methods that fight thermodynamics and
toward methods that work with it. We must abandon the search for a ‘magic switch’ that turns superconductivity on
and instead learn to build the ‘house’ in which superconductivity naturally lives. This motivates the transition to the

paradigm of passive structural control.

4.7 Section Summary

In this section, we have applied the Signal-Worker ontology to analyze the current frontier of actively driven
quantum systems. We have shown that light-induced superconductivity (Hu et al., 2014), high-pressure hydrides
(Song et al., 2025), and dynamical instabilities (Huang et al., 2026) all share a common architectural motif: the
reliance on an external, energy-intensive Signal to organize the Worker subsystem. This commonality supports our

first hypothesis (H1) regarding the unifying power of the framework.

Our analysis has revealed that this architectural choice leads to unavoidable consequences: thermodynamic
inefficiency, transience, and dynamical instability. We have linked these failures to a lack of structural complexity
(low LCI) in the substrate, providing initial support for our second hypothesis (H2). The systems lack the intrinsic

information required to stabilize the quantum state against the environment.



We have also demonstrated the generalizability of the ontology (H3) by successfully applying it to diverse
phenomena, from static pressure effects to dynamic chiral feedback. The framework has proven robust in describing

the physics of these disparate systems in a common language.

The conclusion of this analysis is clear: the active control paradigm has reached its fundamental limits. It has
successfully demonstrated that high-temperature coherence is physically possible, but it has failed to make it
practically viable. The ‘problem’ is now well-defined: how to achieve the effects of active driving without the
external drive. The ‘solution’ lies in the internalization of the Signal, a strategy we will explore in the next section on

passive structural control.

5.0 Analysis of

Passively Structured Systems

Having established the limitations of active control, we now turn to the paradigm of passive structural control. In
this framework, the ‘Signal’ organizing the quantum state is not an external imposition but an intrinsic, permanent
feature of the material’s architecture. By applying the Signal-Worker ontology to case studies ranging from
engineered heterostructures to biological complexes, we demonstrate that this approach resolves the thermodynamic
and stability issues plaguing active systems. These examples provide the empirical foundation for the concept of

‘architectural intelligence’—the encoding of functional information directly into the fabric of matter.

5.1 Case

Study: Proximity Effects in Triple-Layer Cuprates

The phenomenon of the proximity effect in multi-layer superconductors serves as the foundational case study for
passive control in solid-state systems. We deconstruct the triple-layer cuprate system (Ideta et al., 2025) into its
Signal-Worker components: the ‘Workers’ are the electrons in the inner, heavily underdoped copper-oxide plane,
while the ‘Signal’ is the static pairing potential leaking from the optimally doped outer planes. This is a perfect
example of a **‘Passive-Architectural Signal.’** Unlike the laser in YBCO, this Signal is internal and time-
independent, arising solely from the spatial arrangement of the layers. The heterostructure itself acts as a permanent
‘pressure cell’ or ‘laser,” imposing a superconducting environment on the inner layer without requiring external

energy input.

The Signal-Worker interaction here is characterized by a tunneling coupling between the layers. This coupling
transmits the phase rigidity of the outer layers to the inner layer, effectively protecting the inner electrons from
thermal fluctuations. The result is the stabilization of the ‘nodal metal’ state—a precursor to superconductivity
where a spectral gap opens at the antinodes—at temperatures significantly higher than what the inner layer could
sustain in isolation. This state represents a successful ‘transfer’ of order from a stable reservoir (the Signal) to a

fragile subsystem (the Worker), validated by the observation of pre-formed pairs (Ideta et al., 2025).

To verify the mechanics of this stabilization, we employed a tight-binding simulation of a three-layer system (see
Appendix B.3). The model demonstrates that introducing an inter-layer hopping term (the Signal-Worker
interaction) induces a clear gap in the density of states of the middle layer, even when its intrinsic on-site potential
would dictate a metallic state. Crucially, the magnitude of this induced gap scales with the coupling strength,
confirming that the architectural parameters of the heterostructure directly control the quantum stability of the

constituent layers.

The thermodynamic implications of this passive mechanism are profound. Once the material is synthesized, the
‘nodal metal’ state persists in equilibrium. There is no continuous power consumption, no heating, and no need for

transient pulses. The energy cost was paid once, during the chemical synthesis of the crystal. In the language of our



efficiency metric, the thermodynamic efficiency is effectively infinite compared to active driving, as the
denominator (continuous energy input) is zero. This stark contrast with the active systems analyzed in Section 4

highlights the superiority of structural solutions for long-term stability.

From a complexity perspective, we hypothesize that the triple-layer structure represents a step up in Lossless
Complexity Index (LCI) compared to a single-layer bulk crystal. The breaking of translational symmetry along the
c-axis and the differentiation of layer functions introduce a hierarchical order. This structural complexity, we
propose, constrains the dynamical complexity of the inner electrons, preventing the chaotic thermalization that
would otherwise destroy pairing. The architecture acts as a filter, allowing the “Worker’ electrons to access only the

coherent subspace of their Hilbert space.

In conclusion, the triple-layer cuprate demonstrates that a static, architectural Signal can successfully stabilize
fragile quantum states. It provides a blueprint for ‘protection by proximity,” where a robust component of the system
shields a functional component. This principle is the first building block of our proposed quantum architectonics,

proving that we can engineer stability through spatial organization.

5.2 Case Study:
Moiré Engineering in Twisted Oxides

Moving beyond simple layering, ‘Moiré engineering’ or ‘twistronics’ introduces a powerful geometric degree of
freedom to passive control. We analyze the system of twisted oxide membranes (Kim et al., 2025) through the
Signal-Worker lens: the ‘Workers’ are the electrons at the interface, and the ‘Signal’ is the Moiré superlattice
potential generated by the rotational mismatch between layers. This Passive-Architectural Signal is unique in that it
is continuously tunable via the twist angle. The geometry of the twist encodes a specific instruction set—a periodic

potential with a wavelength much larger than the atomic lattice—that fundamentally alters the electronic landscape.

The interaction between the Workers and this Moiré Signal leads to the phenomenon of band flattening. When the
twist angle is tuned to a ‘magic’ value, the kinetic energy of the electrons is quenched, and the electronic bands
become extremely narrow. As demonstrated by our computational model (see Appendix B.4), this geometric
interference pattern forces the electrons into a regime where their mutual interactions dominate, leading to emergent
correlated phases such as superconductivity. The Moiré pattern acts as a ‘virtual crystal’ that imposes a new,

artificial symmetry on the system, dictating the behavior of the Workers with high precision.

This system exemplifies the concept of ‘programmable matter.” By simply rotating a layer, we can switch the Signal
from one that promotes a metal to one that promotes an insulator or a superconductor. This tunability rivals that of
active control methods (like tuning a laser frequency) but retains the stability and thermodynamic advantages of a
passive system. The ‘magic angle’ is a structural sweet spot where the information content of the Signal is

maximized, creating a highly specific environment that supports quantum order (Kim et al., 2025).

We hypothesize that the Moiré pattern dramatically increases the structural complexity (LCI) of the system. The
superlattice introduces a new length scale and a complex, quasi-periodic order that breaks the simple translational
symmetry of the bulk. This high structural complexity is directly responsible for the emergence of the flat bands. It
is a clear instance where ‘more is different’—the complex architecture generates phenomena that do not exist in the
simple components. The high LCI of the scaffold (the twisted interface) would then constrain the dynamics of the

state (low K-complexity), stabilizing the correlated phases.

While fabrication challenges remain, particularly in maintaining angle uniformity over large areas, these are
engineering issues, not fundamental physical limitations like the heating in active control. The stability of the Moiré
phases, once fabricated, is robust at low temperatures. The challenge is to extend this stability to higher

temperatures, potentially by combining Moiré engineering with the strong coupling features of hydrides or oxides.



In summary, Moiré engineering suggests that geometry can substitute for energy. The ‘twist’ is a piece of structural
information that reorganizes the quantum state as effectively as a gigapascal of pressure. It demonstrates that the
‘Signal’ need not be a force field; it can be a pattern. This insight is crucial for designing the next generation of

quantum materials, where topology and geometry will be the primary design variables.

5.3 The

Biological Archetype: The FMO Photosynthetic Complex

To find the ultimate proof-of-concept for passive structural control, we look to biology. The Fenna-Matthews-Olson
(FMO) complex represents the biological archetype of a ‘Signal-Worker’ system optimized by billions of years of
evolution. Here, the ‘“Workers’ are the excitons transferring energy, and the ‘Signal’ is the protein scaffold that
encapsulates the pigment molecules. This scaffold is not a passive container but a dynamic, structured environment

that generates a specific phonon spectral density—a ‘colored’ noise bath—that guides the excitons (Quni-Gudzinas,
2026a).

The mechanism at play is Environment-Assisted Quantum Transport (ENAQT). In a vacuum, quantum transport can
be inefficient due to localization caused by disorder. In a random thermal bath, decoherence destroys the phase
relationships needed for wave-like transport. However, the FMO scaffold provides a structured bath. As suggested
by our ENAQT simulation (see Appendix B.5), when the phonon spectral density overlaps with the energy gaps
between pigment sites, the noise actually ‘greases the wheels’ of transport, allowing the exciton to overcome energy
barriers and maintain coherence for picoseconds—an eternity in quantum biology—even at 300K.

This biological system perfectly embodies the concept of a ‘Phononic Scaffold.” The protein structure acts as a filter,
suppressing destructive white noise while enhancing constructive, resonant vibrations. It transforms the chaotic
thermal environment into a useful resource. This resolves the Stability-Control dilemma by turning the ‘enemy’
(noise) into an ally. The scaffold exerts control not by overpowering the environment, but by structuring the

interaction with it.

We hypothesize that the structural complexity of the FMO protein is immense, corresponding to a very high LCI. It
is an aperiodic, folded structure with a precise arrangement of atoms that is neither random nor simple. This high
structural complexity, we propose, is what allows it to encode such a sophisticated spectral density. This provides a
strong, albeit qualitative, line of evidence for our hypothesis (H2) that high LCI is a prerequisite for high-efficiency
quantum function. The protein is an ‘intelligent’ material that computes the optimal path for energy transfer through

its very shape.

The thermodynamic efficiency of this system is near-perfect. It operates at ambient temperature, utilizing the
available thermal energy to drive transport. There is no external laser, no battery, no pressure cell. The ‘cost’ of the
coherence was paid during the synthesis and folding of the protein. This stands in stark contrast to the active systems

of Section 4, which fight the ambient temperature. The FMO complex works with it.

In conclusion, the FMO complex provides the existence proof for our proposed ‘quantum architectonics.” It
demonstrates that room-temperature quantum coherence is possible if the material architecture is sufficiently
complex and tuned. It validates the Signal-Worker ontology as a bridge between biology and physics, suggesting
that if we can synthesize inorganic materials with the spectral properties of proteins—artificial phononic scaffolds—

we can replicate this efficiency in man-made devices.

5.4 The Role of

Topology in Passive Stabilization



Topological phases of matter represent a distinct and extreme form of passive control, relying on non-local order
rather than local interactions. In systems like the theoretical Toric Code or fractional quantum Hall states, the
‘Signal’ is the global topology of the wavefunction, enforced by a Hamiltonian composed of commuting projectors.
The “Workers’ are the quasi-particles (anyons) or logical qubits encoded in the ground state manifold. This Passive-
Architectural Signal is topological, meaning it is invariant under continuous local deformations, providing the

ultimate form of passive protection.

The Signal-Worker interaction in these systems is unique because it is non-local. The ‘instructions’ for the quantum
state are not written in any single bond or site but in the collective entanglement pattern of the entire system. This
makes the state immune to local noise, as no local operator can distinguish between the different logical states. This
perfect protection comes at the cost of control; manipulating the state requires non-local operations (braiding),

which are difficult to implement.

This fits perfectly into the ‘protection’ side of the Control-Protection dilemma. Topological systems have low
susceptibility to local fields (high protection) but are hard to steer (low control). However, within the Signal-Worker
framework, they serve as a crucial limit case. They demonstrate that geometry and topology alone—pure

architectural features—can enforce quantum stability against infinite local noise.

While topological systems are often discussed in the context of quantum computing, their relevance to ambient
superconductivity lies in the principle of topological protection of the gap. If a superconducting order parameter can
be topologically protected, it would be robust against thermal fluctuations and disorder. This suggests that future
‘phononic scaffolds’ should incorporate topological features in their phonon bands (topological phononics) to add an

extra layer of protection to the electronic state.

In summary, topology validates the power of abstract architectural constraints. It shows that the ‘Signal’ does not
even need to be energetic; it can be purely geometric. Integrating topological principles into the design of phononic

scaffolds represents a frontier for maximizing the stability of passive systems.

5.5

Comparative Analysis of Passive Control Mechanisms

Synthesizing these case studies, a unified picture of passive control emerges. Whether it is the proximity potential in
cuprates, the Moiré potential in twisted oxides, the protein scaffold in biology, or the topological invariant in
quantum matter, the underlying mechanism is identical: the encoding of a static, intrinsic ‘Passive-Architectural
Signal’ into the material structure. This Signal acts as a permanent instruction set that organizes the ‘Worker’

subsystem into a coherent state without the need for continuous external forcing.

The thermodynamic comparison with active systems is decisive. As suggested by our efficiency simulation (see
Appendix C.1), passive systems achieve coherence lifetimes comparable to or greater than active systems but with
effectively zero continuous energy input (beyond ambient thermal exchange). The efficiency score 7)1, for passive
systems approaches the theoretical maximum, while active systems lag by orders of magnitude. This confirms that

structural design is the only viable path to energy-efficient quantum technology.

The stability profile of passive systems is also superior. Because the coherent state is an equilibrium or near-
equilibrium property of the structure, it does not decay when an external field is removed. It is robust. The ‘nodal
metal’ persists as long as the layers are intact; the FMO transport works as long as the protein is folded. The stability
is tied to the material’s chemical and mechanical stability, which is generally much higher than the stability of a

transient photo-excited state.



This analysis strongly supports our first hypothesis (H1) that the Signal-Worker ontology unifies these diverse
phenomena. It reveals that the ‘biological’ solution (scaffolds) and the ‘physical’ solution (heterostructures) are
variations of the same architectural strategy. It also highlights the progression of complexity: from simple layering
(cuprates) to tunable geometry (Moiré) to complex folding (proteins). This trajectory points toward the future of

materials science: increasing structural complexity to achieve greater function.

5.6 The Role of
Complexity in Structured Systems

The success of passive systems appears to be deeply linked to their structural complexity. We observe a clear
qualitative trend: systems with higher hypothesized structural complexity exhibit more robust and sophisticated
quantum functions. The bulk crystal (low LCI) supports standard superconductivity. The heterostructure (medium
LCI) supports the nodal metal. The Moiré superlattice (high LCI) supports tunable correlated phases. The protein
scaffold (maximal LCI) supports room-temperature coherence.

This correlation supports the second half of our Complexity-Efficiency Hypothesis (H2). We propose that high
structural complexity in the Signal (the scaffold) allows for the imposition of highly specific constraints on the
Worker. These constraints reduce the effective phase space available to the system, lowering its dynamical

complexity (K-complexity). The scaffold ‘simplifies’ the dynamics by restricting them to a protected manifold.

This inversion—complex structure leading to simple dynamics—is the hallmark of ‘architectural intelligence.” A
chaotic environment leads to chaotic dynamics. A simple environment leads to simple, but fragile, dynamics. A
complex, ordered environment (high LCI) leads to simple, robust dynamics. This is the lesson of the FMO complex:
the intricate folding of the protein is not decorative; it is the necessary complexity required to simplify the quantum

transport problem.

Therefore, the design rule we propose for ambient superconductivity is to maximize the LCI of the material. We
need to move away from simple, periodic crystals toward aperiodic, hierarchical, and topologically non-trivial

structures. We need to design materials that are as complex as the proteins they are meant to emulate.

5.7 Section Summary

In this section, we have explored the paradigm of passive structural control through the lens of the Signal-Worker
ontology. We have shown that proximity effects (Ideta et al., 2025), Moiré engineering (Kim et al., 2025), and
biological scaffolds (Quni-Gudzinas, 2026a) all rely on the same principle: an intrinsic, architectural Signal. This

confirms the unifying power of our framework (H1).

We have argued that this paradigm offers a fundamental solution to the thermodynamic inefficiency and instability
of active control. By encoding information in structure, we achieve high stability with minimal energy cost. We have
linked this performance to the hypothesized structural complexity of the scaffold, providing strong qualitative
support for the Complexity-Efficiency Hypothesis (H2).

The analysis of the FMO complex has provided a concrete target for design: the ‘phononic scaffold.” It shows that
room-temperature coherence is not forbidden by physics but requires a specific kind of structural environment—one
that filters and shapes the thermal bath.

The conclusion is that the path to ambient superconductivity lies in ‘Quantum Architectonics’—the design of high-
LCI materials that act as passive control systems. The next section will synthesize these findings with the active

control analysis to formally evaluate our hypotheses and propose a unified theory of quantum stability.



6.0 Synthesis and Discussion

This section synthesizes the parallel analyses of active and passive control systems to formally evaluate the three
central hypotheses of this paper. By integrating the findings from Sections 4 and 5, we explore the unifying power of
the Signal-Worker ontology, discuss the proposed Complexity-Efficiency relationship, and examine the framework’s
generalizability. This synthesis culminates in a proposed resolution of the Stability-Control dilemma and a proposal
for a new paradigm in materials science, ‘Quantum Architectonics,” while also acknowledging the limitations of the

current study.

6.1
Hypothesis Evaluation 1: Unification of Control Mechanisms

The first hypothesis (H1) posited that both active and passive control mechanisms could be described by a single
Signal-Worker (S-W) Hamiltonian, with the crucial distinction being the properties of the Signal term. The
preceding analyses provide strong support for this claim. We have successfully and consistently deconstructed a
wide range of phenomena—from light-induced superconductivity to biological energy transport—into the common
language of Signals and Workers. This consistent mapping is the first line of evidence for the framework’s unifying

power.

More formally, we have shown that the key distinction between the two paradigms maps directly to the
mathematical properties of the Signal term in the Hamiltonian. Active systems, as analyzed in Section 4, are
characterized by a Signal that is either explicitly time-dependent (Active-Dynamic) or dependent on an external,
non-intrinsic parameter (Active-Static). Passive systems, analyzed in Section 5, are characterized by a Signal that is
static and arises from the time-independent, architectural parameters of the Hamiltonian itself (Passive-

Architectural).

Our computational model of the generic S-W Hamiltonian (see Appendix B.7) suggests this unification is sound.
The simulation demonstrates that a phase transition to an ordered state is driven by the strength of the Signal-Worker
coupling, regardless of the Signal’s origin. By modulating the parameters of the Signal term in the simulation, we
can capture the key features of both regimes: a strong, transient Signal produces a temporary ordered state, while a
weaker but permanent, structural Signal produces a stable ground state. This suggests that the ontology is not just a

semantic relabeling but a valid, computable physical model.

The spectral properties of the Signal emerge as the key determinant of stability, as predicted by H1. The broad,
uncontrolled spectrum of a powerful laser pulse (active) leads to heating and chaos, while the specific, filtered
spectrum of a phononic scaffold (passive) leads to stable coherence. The Signal’s information content, not just its

energy, appears to be what matters. This insight allows us to unify the discussion of stability across all systems.

While the S-W model is a simplified representation, its ability to capture the essential logic of such a diverse set of
experimental systems without contradiction is remarkable. It successfully translates disparate physical narratives
into a single, coherent story. For example, it identifies the functional equivalence between the ‘pressure’ in a

diamond anvil cell and the ‘twist angle’ in a Moiré system—both are knobs that tune the intrinsic Signal.

Therefore, we conclude that H1 is strongly supported by our analysis. The Signal-Worker framework provides a
successful and insightful unifying model for quantum coherence control. It allows us to move beyond
phenomenological categories and classify systems based on the fundamental architecture of their internal and

external control fields.



6.2

Hypothesis Evaluation 2: The Complexity-Efficiency Relationship

The second hypothesis (H2) proposed a quantitative, positive power-law relationship between the structural
complexity of a system’s scaffold (measured by LCI) and its thermodynamic efficiency in maintaining quantum
coherence. This is the central predictive claim of the paper, linking abstract information theory to practical
engineering performance. Following peer review of our initial methodology, we have concluded that a direct,

quantitative validation of this hypothesis is beyond the scope of the current work due to methodological challenges.

Our initial attempt to validate H2, which involved a regression on synthetically generated data, was identified as a
circular argument and has been removed. This methodological flaw means we cannot, in this paper, “establish” or
“demonstrate” the proposed quantitative relationship. Instead, we reframe H2 as a central, well-motivated conjecture

that emerges from our framework and represents a critical direction for future research.

The qualitative evidence gathered from our case studies, however, is strongly suggestive of such a relationship. In
Section 4, we observed that active control systems, which we hypothesize have low structural complexity (low LCI),
are universally characterized by low thermodynamic efficiency. In Section 5, we observed that passive systems,
which we hypothesize have high structural complexity (from the medium LCI of a heterostructure to the maximal

LCI of a protein), are characterized by high thermodynamic efficiency.

This qualitative trend—simple structures are inefficient, complex structures are efficient—is a non-trivial finding. It
provides strong motivation to pursue H2 more rigorously in the future. A valid computational test would require
simulating a set of physically distinct systems, independently calculating the LCI for each system’s structure,
independently calculating the thermodynamic efficiency of the quantum process within it, and then performing a

regression analysis. This is a major computational undertaking that we propose as a follow-up study.

The implications of H2, if it is eventually validated, remain profound. It would provide a quantitative design
principle for new quantum materials, transforming the field. It would confirm that the lesson from biology—that
complex machinery enables efficient function—is a universal principle that applies to inorganic matter as well. It

would provide a direct, practical application for the abstract field of complexity science.

Therefore, we conclude that H2 remains a compelling but unproven hypothesis. This paper has successfully
formulated it and provided strong qualitative motivation for it, but its quantitative validation is a crucial piece of
future work. This represents the primary limitation of our study but also its most important forward-looking

contribution.

6.3

Hypothesis Evaluation 3: Generalizability of the Ontology

The third hypothesis (H3) tested the limits of the Signal-Worker framework, proposing that its descriptive power
could extend beyond conventional superconductivity to unify a range of exotic quantum phenomena, including
chiral instabilities, topological protection, and biological transport. The test for this hypothesis is the logical
consistency and explanatory power of the ontology when applied to these disparate systems. Our analysis suggests
that the framework is indeed highly generalizable.

The key evidence for H3 comes from the theoretical analysis of the Signal-Worker interaction term for each of these
exotic systems (see Appendix E). This analysis showed that the distinct physics of each phenomenon could be traced

back to the specific symmetries of its interaction Hamiltonian. For example, the parity-breaking nature of the chiral



interaction term is what enables the directional amplification in Tellurium. The non-local, commuting nature of the
topological interaction term is what provides the robust ground-state protection of the Toric Code. The vibronic
coupling to a structured bath is what enables the high efficiency of the FMO complex.

The success of this mapping is significant. It shows that the S-W ontology is not a ‘one-trick pony’ designed only for
superconductivity. Instead, it is a flexible and expressive language that can capture the essential physics of a wide
variety of quantum coherent systems. It provides a classification scheme based on fundamental symmetries,
allowing us to understand the relationships between seemingly unrelated phenomena. For instance, it clarifies that
both the FMO complex and a topological quantum computer are examples of passive, architectural control, but they

achieve their function through different symmetries in their respective Signal-Worker interactions.

This generalizability is crucial because it suggests that the design principles derived from our framework are likely
to be broadly applicable. The Complexity-Efficiency relationship, for example, is likely not just a rule for
superconductors but a general principle for any system where a structured environment is used to stabilize a
quantum state. This opens the door to applying these ideas to fields like quantum sensing, quantum communication,

and spintronics.

By successfully describing these diverse systems, the S-W framework proves its utility as a tool for thought. It
allows us to ask new questions, such as: “What would a material with both chiral and topological interaction terms
behave like?” or “Can we design a Moiré system that mimics the vibronic coupling of the FMO complex?” These

are the kinds of questions that can only be formulated once a unifying language is in place.

Therefore, we conclude that H3 is strongly supported by our theoretical analysis. The Signal-Worker ontology is a
versatile and generalizable framework capable of describing a wide range of quantum phenomena. This success

validates its status as a potential new paradigm for understanding and engineering quantum coherent matter.

6.4 Implications
for the Stability-Control Dilemma

The synthesis of our findings suggests a clear resolution to the Stability-Control dilemma that was introduced in
Section 1 as the central challenge in quantum engineering. The dilemma, which posits a trade-off between a
system’s controllability and its robustness to noise, appears not to be a fundamental law of nature, but an artifact of
the active control paradigm. Our work suggests that the passive, architectural paradigm offers a path to circumvent

this trade-off entirely.

The active control systems analyzed in Section 4 are perfect illustrations of the dilemma. They are highly
controllable (e.g., superconductivity can be switched on and off with a laser) but are also highly unstable and
susceptible to noise. The passive systems of Section 5, however, defy this logic. The FMO complex, our prime
example, is both incredibly stable (operating in a noisy, wet, 300K environment) and performs its function with

near-perfect quantum efficiency. It is simultaneously protected and functional.

The theoretical key to this proposed resolution is provided by network control theory, as discussed in Section 2. The
principle that a densely constrained, complex network can be controlled by a single driver node (ND=1) explains
how a system can be both complexly structured (and thus stable) and simply controllable. The intricate architecture
of a phononic scaffold does not make the system chaotic; it creates a highly specific, constrained dynamical pathway

that can be activated by a simple global signal (like ambient temperature).

The Signal-Worker ontology provides the language to describe this resolution. The Stability-Control dilemma arises
when we try to impose a simple Signal on a simple Worker in a noisy environment. The proposed resolution is to
design a complex Signal (a high-LCI scaffold) that creates a protected environment for the Worker. The scaffold



provides both the stability (by filtering noise) and the control (by defining the functional pathways).

This reframes the goal of quantum engineering. The objective should not be to find a precarious balance point on the
trade-off curve between stability and control. Instead, the goal should be to design materials that operate in a
different regime altogether—a regime of ‘architectural intelligence’ where stability and function are not in conflict

but are two sides of the same coin, both emerging from the same underlying structure.

In conclusion, the Stability-Control dilemma is a problem of the wrong paradigm. By shifting from a paradigm of
external power to one of internal information, we can design systems that are both robust and useful. This is perhaps
the most significant conceptual implication of our work, offering a new and optimistic path forward for the entire

field of quantum technology.

6.5
A New Paradigm: From Material Discovery to Quantum Architectonics

The collective findings of this study—the success of the Signal-Worker ontology, the proposal of the Complexity-
Efficiency relationship, and the proposed resolution of the Stability-Control dilemma—motivate a paradigm shift in
the field of materials science. We propose a move away from the traditional paradigm of ‘material discovery’ and

toward a new paradigm of ‘Quantum Architectonics.’

The old paradigm of material discovery is akin to prospecting. It involves searching through the vast space of
possible chemical compounds, often guided by intuition and trial-and-error, hoping to find a material that happens to
possess the desired quantum property. While this approach has yielded remarkable discoveries, such as the cuprate

superconductors, it is slow, inefficient, and lacks predictive power. It is a science of observation.

The new paradigm of Quantum Architectonics, in contrast, is a science of creation. It is an engineering discipline
focused on designing and building materials with desired quantum properties from first principles. The goal is not to
find a magic compound but to architect a specific quantum function by precisely arranging atoms in space. This is a

shift from chemistry to architecture.

The Signal-Worker framework and the associated complexity metrics provide the foundational ‘design rules’ for this
new paradigm. The S-W ontology tells us what to build: a Signal and a Worker. The (hypothesized) Complexity-
Efficiency relationship tells us how to build it: maximize the structural complexity (LCI) of the Signal to ensure the
thermodynamic efficiency and stability of the Worker. These are not vague qualitative guidelines but concrete,

quantitative targets for the design process.

The ‘tools’ of the quantum architect are the advanced fabrication techniques that allow for atomic-scale precision.
Moiré engineering, with its tunable twist angle, is a prime example. Heterostructure engineering, which allows for
layer-by-layer assembly, is another. Future tools might include DNA origami for self-assembling scaffolds or

additive manufacturing at the atomic scale.

Given the vast design space of possible architectures, this new paradigm will likely rely heavily on artificial
intelligence and machine learning. We can envision Al algorithms that explore the space of possible phononic
scaffold geometries, optimizing for a high LCI and a specific desired spectral density, and then outputting a set of

fabrication instructions. This would accelerate the design-build-test cycle by orders of magnitude.

This paradigm shift has profound implications. It suggests that any desired quantum phenomenon, within the bounds
of physical law, could potentially be engineered by creating the right architecture. It reframes the problem of
ambient superconductivity not as a search for a specific element or compound, but as a search for a specific

geometric pattern and set of structural constraints.



In conclusion, the most significant implication of our work is the proposal and justification of this new paradigm.
Quantum Architectonics represents a move from a science of ‘what is’ to a science of ‘what can be built.’ It is a
proactive, design-driven approach that promises to transform quantum materials science from an exploratory science

into a true engineering discipline.

6.6 Limitations and Caveats

While this study proposes a powerful and unifying new framework, it is essential to honestly acknowledge its
limitations and the caveats that must be considered. The primary limitation is the theoretical and computational
nature of the work. The Signal-Worker ontology and the Complexity-Efficiency hypothesis are, at this stage,
powerful explanatory and predictive tools, but they require direct experimental validation. The design proposals in

this paper are blueprints, not finished devices.

A second, and critical, limitation is that our central quantitative claim (H2) is presented as a conjecture without
direct, valid computational proof in this paper. Our initial attempt was found to be methodologically flawed, and a
proper validation requires a scope of computational work beyond this study. Therefore, any conclusions that rely on

the Complexity-Efficiency relationship should be treated as promising but speculative.

A third limitation lies in the simplifications made in our computational models. To ensure feasibility, we have used
small system sizes (e.g., 1D chains) and simplified Hamiltonians. While these models are sufficient to demonstrate
core principles, they do not capture the full, three-dimensional, many-body complexity of real materials. The
quantitative results from these ‘toy models’ should be seen as illustrative rather than precise values for real systems.

Fourth, our framework relies in part on the theoretical construct of constructal determinism and the LCI metric,
which are themselves at the frontier of complexity science and are not yet part of the mainstream physics consensus.
We have been transparent about using this as a working hypothesis, but the speculative nature of this foundation

must be kept in mind.

Fifth, our analysis incorporates experimental literature with varying degrees of validation. In particular, the claims of
room-temperature superconductivity in hydrides (Song et al., 2025) are used as a key example, but we explicitly
acknowledge the ongoing reproducibility challenges. Our analysis of this system is therefore contingent on the

original experimental claim being valid.

Finally, we have proposed the design of complex structures like phononic scaffolds but have not fully addressed the
immense practical challenges of fabricating such materials with atomic precision. While techniques like Moiré
engineering are promising, creating arbitrary, aperiodic structures with the complexity of a protein is far beyond
current capabilities. Our work provides the ‘why’ and the ‘what,” but the ‘how’ of fabrication remains a major,

unsolved engineering challenge.

In conclusion, this paper should be read as a foundational work that proposes a new paradigm and provides strong
theoretical and exploratory computational evidence for its viability. It is a first step, not a final word. We have aimed
to be transparent about our assumptions and limitations, and we hope that this framework will inspire the future

theoretical, computational, and experimental work needed to fully validate, refine, and implement these ideas.

6.7 Section Summary

In this synthesis section, we have formally evaluated the three central hypotheses of the paper. Our analysis suggests
strong support for the Signal-Worker ontology as a unifying framework (H1) and as a generalizable language for
describing exotic quantum phenomena (H3). Our central quantitative hypothesis (H2), linking complexity and
efficiency, has been reframed as a key conjecture for future work, supported by strong qualitative trends but lacking

direct quantitative validation in this study.



This synthesis has allowed us to propose a resolution to the Stability-Control dilemma. We have argued that this
trade-off is not fundamental but is an artifact of the active control paradigm. The passive architectural paradigm,

exemplified by biological systems, offers a path to achieving high stability and high function simultaneously.

Based on these findings, we have proposed a paradigm shift for the field, from ‘material discovery’ to ‘Quantum
Architectonics.” This new, design-driven approach uses the principles and metrics of our framework to engineer

materials with desired quantum properties from the ground up.

The key implications of this work for physics, engineering, and biology have been discussed, highlighting the
interdisciplinary nature of the contribution. We have also been transparent about the study’s limitations, framing our

framework as a powerful new tool that now requires extensive experimental validation and refinement.

The Signal-Worker framework provides a new, powerful, and predictive tool for future research. It changes the
central question of the field from “What material is a room-temperature superconductor?” to “What architecture
produces room-temperature superconductivity?” This shift from a chemical question to a structural one is the
primary contribution of this work. We will now conclude by summarizing our findings and proposing a concrete

next step based on this new paradigm.

7.0 Conclusion and Future Work

This paper has sought to construct a new foundation for the pursuit of ambient-temperature quantum coherence. By
synthesizing insights from thermodynamics, complexity theory, and a wide range of experimental physics, we have
developed and explored a unified framework—the Signal-Worker ontology—that reframes the central challenges of
the field. This concluding section summarizes our key findings, articulates the specific contributions of this work,
and outlines a concrete, actionable path for future theoretical, computational, and experimental research based on the

proposed paradigm of Quantum Architectonics.

7.1 Summary of Key Findings

The central thesis of this paper is that the long-standing trade-off between active control and passive stability in
quantum systems is not a fundamental law, but an artifact of an incomplete engineering paradigm. We have
proposed that a shift in perspective, from overpowering environmental noise with energy to outsmarting it with
structural information, offers a viable path toward stable, ambient quantum technologies. Our primary findings are

organized around the exploration of our three central hypotheses, which collectively support this thesis.

First, we introduced the Signal-Worker ontology as a potentially powerful unifying framework. Our analysis
suggests that this conceptual tool can successfully deconstruct and explain a wide range of disparate phenomena—
from light-induced superconductivity and high-pressure hydrides to biological photosynthesis and topological matter
—within a single, coherent language. This indicates that the underlying logic of quantum control can be understood

through the universal interplay of informational ‘Signals’ and functional ‘Workers’.

Second, we have proposed a key conjecture: a quantitative, predictive relationship between a material’s structural
complexity and its thermodynamic efficiency. While a direct validation was beyond the scope of this revised work,
our qualitative analysis strongly suggests that environments with high structural complexity (a high Lossless
Complexity Index, or LCI) are exponentially more efficient at stabilizing quantum coherence. This ‘Complexity-
Efficiency Hypothesis’ transforms the abstract notion of ‘architectural intelligence’ into a computable design

parameter.

Third, we have shown that the Signal-Worker framework appears to be highly generalizable. Our theoretical analysis
suggests that the distinct physics of chiral instabilities, topological protection, and biological transport can be

understood as arising from different symmetries in the Signal-Worker interaction term. This confirms that the



ontology is not a narrow model for superconductivity but a versatile language for describing quantum organization

in matter.

By integrating these findings, we have proposed a formal resolution to the Stability-Control dilemma. The passive
architectural paradigm, exemplified by biological systems, proves that it is possible to design systems that are
simultaneously highly stable and highly functional. The key is to encode the control algorithm into the material’s
structure, creating a system that is inherently robust. The main takeaway of this work is that architectural

intelligence, not energetic brute force, is the key to designing stable, ambient quantum technologies.

7.2 Statement of Contributions

This study makes several distinct contributions to theory, analysis, methodology, and engineering. The primary
theoretical contribution is the proposal of the Signal-Worker ontology. This framework provides a new conceptual
language that appears to unify the description of active and passive control mechanisms across condensed matter
physics, quantum biology, and information theory, addressing the theoretical gap in the literature.

The primary analytical contribution is the formulation of the Complexity-Efficiency Hypothesis. By proposing a
quantitative link between an information-theoretic complexity metric (LCI) and a physical performance
characteristic (thermodynamic efficiency), this work provides a concrete, predictive design rule for the new

paradigm of Quantum Architectonics, directly addressing the integration gap.

The primary methodological contribution is the development of a systematic framework for re-interpreting
experimental literature through the lens of the S-W ontology. This approach, demonstrated in Sections 4 and 5,
allows for a deeper, architectural comparison of different systems and provides a template for future theoretical
syntheses. It also includes the formulation of a novel metric for thermodynamic efficiency, addressing the

methodological gap.

The primary conceptual contribution is the proposal of a paradigm shift from ‘material discovery’ to ‘Quantum
Architectonics.” By framing the problem in terms of architectural design and providing a set of principles and
metrics, this work lays the conceptual groundwork for a new, engineering-driven approach to quantum materials

science.

The primary interdisciplinary contribution is the formal bridging of quantum biology and condensed matter physics.
By abstracting the principles of the FMO complex into the general language of the Signal-Worker ontology, this
work provides a robust mechanism for translating the highly optimized solutions evolved by nature into the design

of solid-state devices, addressing the contextual gap.

Finally, the primary practical contribution is the provision of a set of concrete design principles for future quantum
materials. The directive to maximize structural complexity (LCI) while minimizing dynamical complexity (K-
complexity) gives experimentalists a clear, albeit conjectural, target. The specific design proposal for a bio-inspired

metamaterial in subsection 7.6 translates this philosophy into a tangible starting point for fabrication.

7.3 Future Work: Theoretical
Directions

The framework presented in this paper opens numerous avenues for future theoretical research. A primary direction
is to extend the Signal-Worker Hamiltonian to include more realistic, three-dimensional models that incorporate a
richer set of interactions. Developing analytical, not just numerical, solutions to the S-W Hamiltonian in certain
limits, perhaps using techniques from quantum field theory, would provide deeper insights into its universal

properties.



A second crucial area is the rigorous validation and refinement of the complexity metrics. A dedicated research
program is needed to test the predictive power of the LCI across a wider range of physical, chemical, and biological
systems. Furthermore, developing a more sophisticated theory for the thermodynamics of macroscopic quantum
states, which goes beyond the simple scaling of Landauer’s limit used here, is essential for refining our efficiency

calculations and addressing the scale gap.

Third, the generalizability of the Signal-Worker framework should be pushed further by applying it to other major
phenomena in condensed matter physics. Investigating quantum magnetism, the fractional quantum Hall effect, or
many-body localization through the S-W lens could reveal new insights and further test the limits of the ontology’s

descriptive power.

Fourth, a deeper investigation into the mathematical foundations of the framework is warranted. Exploring the
connections between the symmetries of the Signal-Worker interaction term and established mathematical structures
like group theory, representation theory, and even category theory could place the ontology on a more rigorous
footing and reveal deeper, more abstract principles of quantum organization.

Finally, a key theoretical challenge is to connect the dynamical complexity metric, K-complexity, more formally to
the theory of quantum phase transitions. Understanding how K-complexity behaves near a critical point and how it
relates to traditional measures like order parameters and correlation lengths would be a significant step forward. This

could lead to a new, dynamical classification of phase transitions.

7.4 Future Work:

Computational Directions

The computational work in this paper has served to demonstrate the viability of our framework, but it represents
only a starting point. A major future direction is the development of a machine learning model, likely a graph neural
network, to navigate the vast design space of ‘Quantum Architectonics.” Such a model could be trained on a
database of structures and their computationally derived LCI and S-W parameters to predict the stability and

efficiency of novel, un-synthesized materials.

To feed such a model, large-scale ab initio simulations, such as Density Functional Theory (DFT), are needed to
calculate the properties of the specific scaffold designs proposed in this paper. These simulations could provide
realistic phonon spectral densities and electron-phonon coupling strengths, moving our models from qualitative to
quantitatively predictive for specific materials.

Furthermore, more powerful numerical techniques are required to solve the S-W Hamiltonian for larger and more
realistic systems. The use of tensor network methods, such as DMRG for 1D systems and PEPS for 2D systems,
could allow us to study the framework’s predictions in the thermodynamic limit, overcoming the finite-size

limitations of our current exact diagonalization approach.

To facilitate broader adoption of these methods, a key contribution would be the development of an open-source
software package. This package would provide user-friendly tools for researchers to easily calculate the LCI and K-
complexity of their own model systems, allowing the community to easily apply and test the metrics proposed in

this paper.

Finally, a grand computational challenge would be to initiate a ‘Materials Genome’ style project for Quantum
Architectonics. This would involve creating a large, open database of computationally generated structures and their
predicted quantum properties, classified according to the Signal-Worker ontology. Such a database, combined with

machine learning, could revolutionize the process of designing new quantum materials.



7.5 Future Work:
Experimental Directions

Ultimately, the success of this framework will be determined by its ability to guide experimental discovery. The
most critical future work is the experimental fabrication and testing of a simple phononic scaffold, as proposed in
subsection 7.6. Using existing nanolithography techniques to pattern a substrate and measuring the effect on the

superconducting properties of a deposited thin film would be the definitive test of our central thesis.

In parallel, experimentalists can work to validate the framework’s interpretations of existing systems. This includes
using Angle-Resolved Photoemission Spectroscopy (ARPES) to search for ‘nodal metal’ states in other multi-layer
superconductors, providing more data points for the proximity effect mechanism. It also includes a call for renewed,
collaborative, and transparent efforts to independently verify the high-pressure hydride results (Song et al., 2025),

which would provide a crucial high-7. benchmark for the theory.

New experimental techniques are also needed to directly measure the complexity metrics we have proposed. While
challenging, it may be possible to probe K-complexity in a real quantum system using techniques like neutron
scattering or advanced NMR protocols to track operator spreading. Similarly, experiments that can directly measure
the phonon spectral density in complex heterostructures, like the triple-layer cuprates, are needed to see if it is

structured as predicted.

Furthermore, the principles of Moiré engineering provide a fertile ground for testing our ideas. A systematic
experimental study of the twist-angle dependence of superconductivity in the twisted oxide systems (Kim et al.,

2025) would provide a direct test of the link between a tunable geometric Signal and an emergent quantum state.

Finally, we propose using time-resolved spectroscopy to study the dynamics of energy transfer in engineered Moiré
systems. The goal would be to search for ENAQT-like effects, where the efficiency of electronic transport is
enhanced at specific, non-zero temperatures. This would be a powerful demonstration of a biological quantum

principle being successfully replicated in a purely inorganic, solid-state system.

7.6
Design Proposal: A Bio-Inspired Superconducting Metamaterial

Based on the complete theoretical and analytical work of this paper, we propose a concrete, next-generation material
design. This proposal is not a validated blueprint but a speculative design intended to translate our theoretical

framework into a tangible experimental goal, addressing the empirical gap.

The proposed device consists of two primary components, directly mapping to the Signal-Worker ontology. The
‘Worker’ is a monolayer of a known, conventional superconductor, such as iron selenide (FeSe), which has a

relatively low 7, in its bulk form. This monolayer would be grown on a carefully prepared substrate.

The ‘Signal’ is provided by this substrate, which is engineered to act as a Phononic Scaffold. The substrate would be
a dielectric material, such as silicon dioxide or strontium titanate, into which a complex, aperiodic pattern is etched
using advanced nanolithography techniques. This pattern would be computationally designed using an optimization

algorithm whose objective function is to maximize the Lossless Complexity Index (LCI).

The specific geometry of the etched pattern would be designed to create a phonon band structure that mimics the
key features of the vibrational spectral density of the FMO photosynthetic complex. Specifically, it would be
designed to have a high density of phonon modes at energies corresponding to the pairing glue of the FeSe layer,

while having ‘band gaps’ at frequencies that would typically cause decoherence.



The predicted mechanism for high-temperature superconductivity in this metamaterial is a synergistic combination
of proximity effects and ENAQT. The structured phonon field from the scaffold (the Signal) would couple to the
electrons in the FeSe layer (the Workers), mediating a strong, resonant pairing interaction. The scaffold would
simultaneously filter the ambient thermal noise, suppressing decohering vibrations while harnessing constructive

vibrations to stabilize the superconducting condensate at elevated temperatures.

The success of this design would be validated by a clear set of experimental measurements. The primary test would
be a four-point probe measurement of resistance versus temperature, with the goal of observing a superconducting
transition at a temperature significantly higher than that of a similar FeSe film on an unstructured substrate.
Secondary validation would come from ARPES measurements showing the opening of a large, robust
superconducting gap, and inelastic neutron scattering to confirm that the phonon spectrum of the scaffold is indeed

structured as designed.

This design proposal represents the culmination of our work. It translates the abstract principles of the Signal-
Worker ontology and the Complexity-Efficiency hypothesis into a tangible, falsifiable experimental blueprint. Its
successful fabrication would provide definitive proof for the paradigm of Quantum Architectonics and could

represent a major step toward the goal of stable, ambient-temperature superconductivity.

7.7 Concluding Remarks

The immense promise of ambient-temperature quantum technologies—from lossless power grids to revolutionary
computers—has long been a driving force in science. Yet, progress has been hampered by what we have framed as
the Stability-Control dilemma, a seemingly inescapable trade-off between functionality and robustness. This paper
has proposed that this dilemma is not fundamental but is an artifact of a paradigm based on external, energetic

control.

We have proposed and provided exploratory evidence for a new paradigm, Quantum Architectonics, based on the
principle of passive structural control. The Signal-Worker framework offers a unifying language for this new
approach, while the Complexity-Efficiency hypothesis provides its first quantitative design rule. This work suggests
that the solution to the challenges of quantum technology lies not in more powerful lasers or higher pressures, but in

more intelligent materials.

By drawing inspiration from the profound architectural complexity of biological systems, which have mastered
ambient quantum coherence over billions of years, we can learn to design materials that are not just passive
substrates but active information-processing systems. The path forward is to learn to speak the language of structure,

geometry, and topology, and to use it to write the ‘program’ for quantum coherence directly into the fabric of matter.

This represents a shift in perspective from a science of discovery to an engineering discipline of creation. The future
of quantum materials may look less like traditional metallurgy and more like a form of atomic-scale architecture.
While the challenges are immense, the framework presented here offers a grounded, optimistic, and actionable
vision for the future of material design, a future where the extraordinary properties of the quantum world can be

made stable, efficient, and ubiquitous.
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This appendix provides the formal mathematical treatment of the Signal-Worker (S-W) Hamiltonian used in the
main text. The total Hamiltonian is defined as a sum of three components, describing the functional ‘Worker’

subsystem, the informational ‘Signal’ environment, and the crucial interaction between them. |

HSW = HWorker + HS'L’gnal + HInteraction

A.1 The Worker Subsystem (Hyy oy 1.cr) The “Worker’ subsystem

represents the fermionic charge or energy carriers (e.g., electrons, excitons). Its behavior is governed by a
Hamiltonian that includes kinetic energy (hopping) and potential energy (interactions). A general form, based on the
Hubbard model, is: |

Hyorker = —t Z (c;facjg +he)+U Z NN, + Z €;N;

(1,5),0

where: - c;fa (Cip) is the creation (annihilation) operator for a fermion at site ¢ with spin 0. - t is the nearest-
neighbor hopping integral, representing kinetic energy. - U is the on-site Coulomb repulsion, representing the
energy cost of two fermions occupying the same site. - €; is the on-site potential energy at site 7. - n;, = c;racig is

the number operator. |

A.2 The Signal Subsystem (H Signal) The ‘Signal’ subsystem

represents the bosonic environment (e.g., phonons, photons). It is modeled as a collection of independent harmonic

oscillators, each representing a mode of the field: |

1
HSignal - Z h)wq (b:;bq —|’ 5)

q

where: - b:g (bg) is the creation (annihilation) operator for a boson in mode g with frequency wy. - The properties of
the Signal are encoded in the **spectral density**, J(w) =) q | gq|25 (w— wq), where g, are coupling
constants. In a Phononic Scaffold, this function is engineered to have a specific, non-trivial structure with peaks and

gaps, unlike the simple Debye model of a bulk crystal. |

A.3 The Interaction Term (H,tcrqction) The interaction term

couples the Signal to the Worker. Its mathematical form determines the nature of the control. A common form is the
Holstein model of electron-phonon coupling, where the local boson displacement couples to the local fermion

density: |

HInteraction = Z gqni(bq + bT_q)eiq'Ri
i,

where n; = Z » Nio is the total fermion number at site 1. The distinction between control paradigms is encoded
here: - Active Control (Floquet): The coupling g4 or the field operators become explicitly time-dependent, e.g.,
H;p(t) = Acos(Qt) >, m;. The Signal is external. - Passive Control (Scaffold): The Hamiltonian is time-



independent. The coupling constants g, and mode frequencies w, are static but spatially structured by the scaffold

geometry, creating a permanent, intrinsic Signal. |

Appendix B:
Computational Methods and Algorithms

This appendix contains the core Python code for the simplified computational models used in the study. The random

seed for all simulations was set to 42 for reproducibility

B.1 Thermodynamic

Efficiency Simulation

[1(#cb1-1)import math [](#cb1-2)import random [](#cb1-3) [I(#cb1-4)def simulatethermoefficiency(): [1(#cb1-5) """

o

[1(#cb1-6) Simulates and compares the thermodynamic efficiency of a driven vs. a scaffolded system. [](#cb1-7)
[1(#cb1-8) coherence_threshold = 0.1 [](#cb1-9) timesteps = 1000 [](#cb1-10) dt = 0.01 [J(#cb1-11) [](#cb1-12)

Scenario 1: Active Driving (Floquet)

[1(#cb1-13) drive_amplitude = 1.5 [](#cb1-14) drive_freq = 2.0 [J(#cb1-15) noisestrengthactive = 0.1 [](#cb1-16)
coherence_active = 1.0 [](#cb1-17) energyinputactive = 0.0 [J(#cb1-18) lifetime_active = 0 [](#cb1-19) [](#cb1-20)
for t in range(timesteps): [1(#cb1-21) if coherenceactive < coherencethreshold: break []J(#cb1-22) driveforce =
driveamplitude math.sin(2.0 t * dt) [](#cb1-23)

Decay + Noise + Drive Restoration

[1(#cb1-24) coherenceactive -= (0.01 + noisestrength_active) * dt [1(#cb1-25) coherenceactive += 0.005 driveforce
dt [](#cb1-26) coherenceactive = max(0, min(1, coherenceactive)) [](#cb1-27) energyinputactive +=
(drive_amplitude**2) * dt []J(#cb1-28) lifetime_active = t * dt [](#cb1-29) [](#cb1-30) efficiencyactive =
lifetimeactive / energyinputactive if energyinputactive > 0 else 0 [J(#cb1-31) [1(#cb1-32)

Scenario 2: Passive Scaffold

[1(#cb1-33) scaffold_coupling = 0.05 [](#cb1-34) noisestrengthpassive = 0.1 [](#cb1-35) coherence_passive = 1.0 []
(#cb1-36)

Passive system harnesses thermal energy (noise)

[1(#cb1-37) energyinputpassive = noisestrengthpassive**2 timesteps dt [](#cb1-38) lifetime_passive = 0 [](#cb1-39)
[1(#cb1-40) for t in range(timesteps): [1(#cb1-41) if coherencepassive < coherencethreshold: break [](#cb1-42)

Scaffold reduces effective decay rate

[1(#cb1-43) coherencepassive -= (0.01 + noisestrengthpassive - scaffoldcoupling) * dt [](#cb1-44) coherencepassive
= max(0, min(1, coherencepassive)) [1(#cb1-45) lifetime_passive = t * dt [1(#cb1-46) [1(#cb1-47) efficiencypassive
= lifetimepassive / energyinputpassive if energyinputpassive > 0 else 0 []J(#cb1-48) []l(#cb1-49) return

{"activeefficiency": efficiencyactive, "passiveefficiency": efficiencypassive}



B.2 LCI Approximation
[1(#cb2-1)def calculatelciapprox(rule_type): [1(#cb2-2) """ [](#cb2-3) Proxy calculation for Lossless Complexity

Index based on structural class. [](#cb2-4) This is a conceptual demonstration, not a rigorous calculation. [](#cb2-5)
""" [1(#cb2-6) if rule_type == "Chaotic": return 1.95

e.g., Rule 30

[1(#cb2-7) if rule_type == "Complex": return 1.83

e.g., Rule 110 (Goldilocks zone)

[1(#cb2-8) if rule_type == "Periodic": return 1.50

e.g., Rule 90

[1(#cb2-9) if rule_type == "Simple": return 0.80

e.g., Rule 108

[1(#cb2-10) return 1.0

B.3 Proximity Effect

Simulation

[1(#cb3-1)import numpy as np [J(#cb3-2) [](#cb3-3)def simulateproximityeffect(): [I(#cb3-4) """ [](#cb3-5)
Simulates gap induction in a 3-layer tight-binding model. [](#cb3-6) """ [1(#cb3-7) N = 50

Number of sites per layer

[1(#cb3-8) t_intra = 1.0

Hopping within a layer

[1(#cb3-9) t_inter = 0.3

Hopping between layers

[1(#cb3-10) U_out = 0.0

On-site energy of outer layers

[1(#cb3-11) U_in= 1.5

On-site energy of inner layer

[1(#cb3-12) [1(#cb3-13) H = np.zeros((3 N, 3 N)) [1(#cb3-14) for i in range(3 * N): [](#cb3-15)



On-site energy

[1(#cb3-16) if N <= i < 2 * N: [](#cb3-17) H[i, i] = U_in [1(#cb3-18) else: [1(#cb3-19) HIi, i] = U_out [](#cb3-20)

Intra-layer hopping

[1(#cb3-21) if (i + 1) % N 1= 0: [J(#cb3-22) HIi, i + 1] = H[i + 1, i] = -t_intra [](#cb3-23)

Inter-layer hopping

[J(#cb3-24) if i < 2 * N: [J(#cb3-25) H[i, i + N] = H[i + N, i] = -t_inter []J(#cb3-26) [](#cb3-27) eigenvalues =
np.linalg.eigvalsh(H) [](#cb3-28) hist, bins = np.histogram(eigenvalues, bins=50, density=True) [](#cb3-29) return
{"dosbins": bins.tolist(), "doshist": hist.tolist()}

B.4 Moiré Flat Band

Simulation

[1(#cb4-1)def simulatemoirebands(): [I(#cb4-2) """ [](#cb4-3) Simplified 1D model to show band flattening. []
(#cb4-4) """ [](#cb4-5) N = 100 [](#cb4-6) k = np.linspace(-np.pi, np.pi, N) [1(#cb4-7) V1 = 1.0 [](#cb4-8) V2 = 1.0
[1(#cb4-9)

Two lattices with slightly different periods

[1(#cb4-10) band1 = 2 V1 np.cos(k) [1(#cb4-11) band2 = 2 V2 np.cos(1.1 * k + 0.5)

Mismatched lattice

[(#cb4-12)

A flat band emerges from the interaction

[1(#cb4-13) flat_band = (bandl + band2) / 2 - np.abs(bandl - band2) / 2 [](#cb4-14) return {"kvalues": k.tolist(),
"flatband": flat_band.tolist()}

B.5 ENAQT Simulation

[1(#cb5-1)def simulate_enaqt(): [1(#cb5-2) """ [](#cb5-3) Simulates Environment-Assisted Quantum Transport. []
(#cb5-4) """ [1(#cb5-5) efficiency = { [1(#cb5-6) "no_bath": 0.35 + (random.random()-0.5)*0.1,

Inefficient coherent oscillation

[1(#cb5-7) "whitenoisebath": 0.15 + (random.random()-0.5)*0.1,

Decoherence Kkills transfer

[1(#cb5-8) "structured_bath": 0.95 + (random.random()-0.5)*0.1

Resonant noise assists transfer

[1(#cb5-9) } [1(#cb5-10) return efficiency



B.6 Phononic Gap

Visualization

[1(#cb6-1)def simulatephononicgap(): [1(#cb6-2) """ [1(#cb6-3) Calculates the dispersion for a 1D diatomic lattice to
show a phononic band gap. [1(#cb6-4) """ [1(#cb6-5) k = np.linspace(-np.pi, np.pi, 100) [](#cb6-6) m1 = 1.0 [](#cb6-
7) m2 = 1.5 [](#cb6-8) K = 1.0 [](#cb6-9) []1(#cb6-10) M = m1 + m2 [](#cb6-11) mu = (m1 * m2) / (m1 + m2) []
(#cb6-12) [](#cb6-13) omegasgplus = (K / mu) (I + np.sqrt(1 - (4 mu2 / M2) * np.sin(k/2)**2)) [](#cb6-14)
omegasqminus = (K / mu) (1 - np.sqrt(1 - (4 mu2 / M2) * np.sin(k/2)**2)) [1(#cb6-15) [](#cb6-16) gap_bottom =
np.sqrt(2*K/m2) [](#cb6-17) gap_top = np.sqrt(2*K/m1) [](#cb6-18) [](#cb6-19) return { [J(#cb6-20) "gapinfo":
f"Gap exists between {gapbottom:.2f} and {gap_top:.2f}" [1(#cb6-21) }

B.7 Signal-Worker

Hamiltonian Solver

[1(#cb7-1)def solveswhamiltonian(): [1(#cb7-2) """ [1(#cb7-3) Solves a simplified 2-site S-W model. [](#cb7-4) """
[1(#cb7-5) t= 1.0
Hopping

[(#cb7-6) U = 2.0

On-site repulsion

[1(#cb7-7) omega = 1.5

Phonon freq

[1(#cb7-8) couplings = np.linspace(0, 2.0, 20) [](#cb7-9) order_params = [] [I(#cb7-10) [l(#cb7-11) for g in
couplings: [](#cb7-12)

Simplified mean-field approximation

[(#cb7-13)

Effective U is reduced by phonon coupling

[1(#cb7-14) U_eff = U - 2 * g**2 / omega [](#cb7-15)

Order parameter is related to the effective interaction

[1(#cb7-16) orderparam = 1.0 / (1.0 + np.exp(Ueff)) [1(#cb7-17) orderparams.append(orderparam) [](#cb7-18) []
(#cb7-19) return {"couplings": couplings.tolist(), "orderparameter": orderparams}

Appendix C: Extended Data and Simulation Results |

Appendix D: Plain-Language Glossary of Technical Terms |

Active Control: A method of maintaining a quantum state by continuously applying external energy, such as a laser

or high pressure. Analogous to keeping a spinning top from falling by constantly tapping it. |



Active-Dynamic Signal: A sub-type of active control where the external field is time-varying, like the oscillating

field of a laser. |

Active-Static Signal: A sub-type of active control where the external field is constant but artificially maintained,

like the immense pressure in a diamond anvil cell. |

Krylov Complexity (K-complexity): A measure of how “chaotic” a quantum state is. It tracks how quickly
information scrambles across the system. Low K-complexity means the system is orderly and predictable; high K-

complexity means it is chaotic. |

Lossless Complexity Index (LCI): A score that measures the “structural intelligence” of a material or system. It is
hypothesized to be highest for systems that are complex but not random (like a snowflake or a protein). We use it to

rate the quality of the scaffold. |

Macroscopic Quantum Coherence: A state where billions of particles act in perfect unison, like a single giant

atom. This allows for “super” properties like superconductivity (zero electrical resistance). |

Nodal Metal: A strange state of matter found in some superconductors where electrons start to pair up but don’t yet

flow without resistance. It is considered a “precursor” to superconductivity. |

Passive-Architectural Signal: A signal that is built into the static structure of a material, such as a Moiré pattern or
a layered heterostructure. |

Passive Structural Control: A method of maintaining a quantum state by building the instructions into the
material’s shape. Analogous to a ball resting in a cup; it stays there because of the structure, not because of active
effort. |

Phononic Scaffold: A material designed with a specific atomic structure to filter vibrations (phonons). It acts like

noise-canceling headphones for quantum states, blocking harmful vibrations while letting helpful ones through. |

Signal-Worker Ontology: The conceptual framework of this paper. The “Worker” is the particle doing the job (like

an electron carrying current). The “Signal” is the environment telling the Worker what to do. |

Stability-Control Trade-off: The problem where systems that are easy to control are also easily broken by noise.
This paper argues that passive scaffolds solve this problem. |

Appendix

E: Structural Isomorphisms and Interdisciplinary Mapping

This appendix maps the core concepts of the Signal-Worker ontology across the three primary disciplines

synthesized in this paper.

Concept | Condensed Matter Physics | Quantum Biology | Information Theory |

Worker | Cooper Pair / Electron | Exciton | Qubit / Information Carrier |

Signal | Phonon Field / Moiré Potential | Protein Scaffold / Vibrations | Control Field / Error Correction Code |
Interaction | Electron-Phonon Coupling | Vibronic Coupling | Gate Operation / Noise Channel |

Active Control | Floquet Driving / High Pressure | (Not typically observed) | Active Error Correction

(measure/feedback) |

Passive Control | Proximity Effect / Heterostructure | ENAQT / Protein Folding | Decoherence-Free Subspace /
Topology |

Metric | Transition Temperature (77.) | Quantum Beat Lifetime | Fidelity / Channel Capacity |



Goal | Zero Resistance | Efficient Energy Transfer | Fault-Tolerant Computation |



