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Abstract
This paper explores the potential synthesis between Conformal Cyclic Cosmology (CCC), the Riemann Hypothesis, and 
phonon--polariton resonance, grounded in a speculative model where the Great Pyramid serves as a resonant marker 
of aeonic transitions. We interpret “aeon” as the unit of cosmological spacetime, using it to trace the entropy-driven 
path from symmetry (radiation) to asymmetry (structure), and ultimately back toward conformal symmetry. We propose 
that the spectral distribution of Riemann zeros may encode quantum geometric transitions across aeons, while the 
polaritonic structure of materials such as graphene--hBN may simulate or resonate with those transitions. Figures and 
tables are inserted throughout to illustrate the theoretical synthesis, including mappings between CCC and Riemann 
spectral curves, entropy evolution, and acoustic modeling of pyramid resonance.
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Introduction
The concept of a cyclic universe, particularly in the framework of Conformal Cyclic Cosmology (CCC) as proposed by 
Penrose offers a rich setting for understanding the evolution of spacetime across aeons [1]. Each aeon begins in high 
symmetry (low entropy) and ends in conformal symmetry after maximal entropy growth [2]. This cosmological model 
invites questions about the fundamental geometry of entropy, structure, and cosmic resonance.

Simultaneously, the Riemann Hypothesis, positing that all nontrivial zeros of the zeta function lie on the critical line Re(s) 
= 1/2 , has been linked to quantum spectral theory , quantum chaos, and black hole thermodynamics [3-6]. It may 
serve as a spectral map of an aeon’s internal dynamics. We explore whether these zeros encode the harmonic phases 
of the universe itself.

Adding further dimensionality to this model, we consider the phonon--polariton structures in layered materials (e.g., 
graphene--hBN) as analog platforms for simulating spacetime curvature, entropy flux, and cosmic harmonic resonance 
[7,8]. The symbolic placement of the Great Pyramid---aligned with terrestrial and celestial coordinates---may reflect a 
resonance node of this aeonic structure (Figure 1) [9].
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symmetry (low entropy) and ends in conformal symmetry after maximal entropy 
growth [2]. This cosmological model invites questions about the fundamental 
geometry of entropy, structure, and cosmic resonance. 

Simultaneously, the Riemann Hypothesis, positing that all nontrivial zeros of the zeta 
function lie on the critical line Re(s) = 1/2 [3], has been linked to quantum spectral 
theory [4], quantum chaos [5], and black hole thermodynamics [6]. It may serve as a 
spectral map of an aeon's internal dynamics. We explore whether these zeros 
encode the harmonic phases of the universe itself. 

Adding further dimensionality to this model, we consider the phonon--polariton 
structures in layered materials (e.g., graphene--hBN) as analog platforms for 
simulating spacetime curvature, entropy flux, and cosmic harmonic resonance [7][8]. 
The symbolic placement of the Great Pyramid---aligned with terrestrial and celestial 
coordinates---may reflect a resonance node of this aeonic structure [9] (Fig 1.). 

  

FFiigguurree  11::  SScchheemmaattiicc  ddiiaaggrraamm  ooff  aann  aaeeoonn  aass  aa  ssyymmmmeettrryy----aassyymmmmeettrryy----ssyymmmmeettrryy  
ccyyccllee 

22..  AAeeoonn  aass  tthhee  UUnniitt  ooff  CCoossmmoollooggiiccaall  SSppaacceettiimmee  

CCC conceptualizes each aeon as a self-contained yet linked unit of time and 
geometry [1]. Unlike linear cosmologies, CCC treats time as conformally 

Figure 1: Schematic Diagram of an Aeon as a Symmetry--Asymmetry--Symmetry Cycle

Aeon as the Unit of Cosmological Spacetime
CCC conceptualizes each aeon as a self-contained yet linked unit of time and geometry [1]. Unlike linear cosmologies, 
CCC treats time as conformally compressible: the infinite future of one aeon maps onto the next Big Bang via scale-
invariant geometry [10].
This model implies:
• Each aeon begins with radiation (no rest mass, pure symmetry).
• Structures form, entropy increases (symmetry breaking).
• Black holes dominate, then evaporate (Hawking radiation) [11].
• The resulting radiation field becomes the start of a new aeon.
Thus, the aeon is a cycle of conformal geometry punctuated by quantum thermodynamics. We define it as a unit of 
spacetime evolution (Table 1,2.).

Table 1: CCC Framework and Pyramid Resonance ParametersTable 1: CCC Framework and Pyramid 
Resonance Parameters

Parameter Symbol Value/Range Physical Interpretation
Aeon Duration T_aeon ~10^100 years Complete cycle from Big 

Bang to conformal end
Current Aeon Age t_current ~13.8 Gyr Time since last Big Bang
Pyramid Construction t_pyramid ~4.6 Kyr ago Structural complexity 

marker
Conformal Scale Factor Ω(t) 0 → ∞ → 0 Scale transformation across 

aeon boundary
Critical Line Position Re(s) 1/2 Riemann hypothesis 

conjecture
Polariton Frequency ω_p 10^12 - 10^15 Hz Graphene-hBN resonance 

range
Pyramid Base Frequency f_pyramid 110-440 Hz Acoustic resonance 

measurements
Entropy Maximum S_max k ln(Ω_max) Black hole dominated era
Symmetry Breaking Scale Λ_SB 10^19 GeV Planck scale transitions
Earth Schumann Resonance f_earth 7.83 Hz Fundamental planetary 

frequency

Table 2: Comparative Aeon Timelines

Phase Previous Aeon Current Aeon Predicted Next Aeon
Beginning Radiation-dominated Big Bang (t=0) Hawking radiation → New 

BB
Structure Formation Unknown relics 380 Kyr (CMB) Quantum foam → Structure
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Life/Complexity Pyramid analogues? ~4.6 Kyr ago (Pyramid) Information processing 
peaks

Stellar Epoch Red giant phase Current (Main sequence) White dwarf → Black hole
Black Hole Dominance Pre-evaporation Future (~10^67 years) Evaporation beginning
Information Crisis Holographic storage? Unknown Resolution via CCC 

mapping
Conformal End Smooth geometry Far future (~10^100 years) Scale-invariant transition
Boundary Conditions ∇²φ = 0 (massless) TBD Perfect radiation field
Entropy Trajectory S_max → S_min S_min → S_max Cyclic reset
Geometric Signature (+,-,-,-) → Conformal Minkowski → Conformal Conformal → Minkowski

The nontrivial zeros of ζ(s), conjectured to lie on the critical line, exhibit spacing similar to quantum eigenvalues [4]
[5]. The Hilbert--Pólya conjecture suggests these are eigenvalues of a Hermitian operator, possibly linked to quantum 
gravity [12].
Could these zeros map to the conformal states within an aeon? If so, then:
• Each zero encodes a symmetry-breaking node.
• The critical line functions as the resonance boundary.
• The real part corresponds to thermodynamic equilibrium (Figure 2)(Table 3).

 The critical line functions as the resonance boundary. 
 The real part corresponds to thermodynamic equilibrium (Fig 2.)(Table 3.). 

    

Figure 2: Mapping between Riemann zeta zeros and entropy evolution curve in an 
aeon 

Table 3: Riemann Critical Line & Physical Resonances 

ZZeettaa  ZZeerroo  
((γγₙn))  

PPhhyyssiiccaall  AAnnaalloogguuee  
RReessoonnaannccee  

TTyyppee  
EEnneerrggyy  
SSccaallee  

AAeeoonniicc  PPhhaassee  

γ₁ ≈ 14.134 CMB fluctuations Acoustic ~10⁻⁴ eV Early structure 

γ₂ ≈ 21.022 Galaxy formation Gravitational ~10⁻¹⁰ eV Cosmic web 

γ₃ ≈ 25.011 
Stellar 
nucleosynthesis 

Nuclear ~MeV 
Element 
formation 

γ₁₀ ≈ 49.774 Planetary systems Orbital ~10⁻¹⁵ eV 
Complexity 
emergence 

γ₁₀₀ ≈ 236.52 
Biosphere 
emergence 

Chemical ~eV Life transitions 

γ₁₀₀₀ ≈ 
724.96 

Consciousness/Tech Information ~10⁻²¹ J Cultural evolution 

γ₁₀₀₀₀ ≈ Black hole mergers Gravitational ~10⁵² erg Late aeon 

Figure 2: Mapping between Riemann Zeta Zeros and Entropy Evolution Curve in an Aeon

Table 3: Riemann Critical Line & Physical Resonances

Zeta Zero (γₙ) Physical Analogue Resonance Type Energy Scale Aeonic Phase
γ₁ ≈ 14.134 CMB fluctuations Acoustic ~10⁻⁴ eV Early structure
γ₂ ≈ 21.022 Galaxy formation Gravitational ~10⁻¹⁰ eV Cosmic web
γ₃ ≈ 25.011 Stellar 

nucleosynthesis
Nuclear ~MeV Element formation

γ₁₀ ≈ 49.774 Planetary systems Orbital ~10⁻¹⁵ eV Complexity 
emergence

γ₁₀₀ ≈ 236.52 Biosphere emergence Chemical ~eV Life transitions
γ₁₀₀₀ ≈ 724.96 Consciousness/Tech Information ~10⁻²¹ J Cultural evolution
γ₁₀₀₀₀ ≈ 2301.4 Black hole mergers Gravitational waves ~10⁵² erg Late aeon dynamics
Critical Line Re(s) = 1/2 Conformal boundary Scale-invariant All phases
Polariton mapping ωₙ = α•γₙ + β•ln(γₙ) Hybrid excitation THz range Laboratory analogue
Spacing statistics GUE distribution Quantum chaos Universal Holographic encoding

Phonon--Polariton Platforms as Simulators of Curved Spacetime
Graphene--hBN and other 2D materials support phonon--polaritons with tunable dispersion relations [7,8]. These quasi-
particles reflect interplay between light (photon) and lattice vibrations (phonons), making them ideal for simulating 
gravitational effects, entropy fields, and conformal curvature.
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This synthetic resonance can:
• Model entropy propagation like Hawking radiation.
• Reflect geometric boundaries akin to critical lines.
• Simulate symmetry-asymmetry transitions in lab setups (Figure 3) [13]. 

ZZeettaa  ZZeerroo  
((γγₙn))  

PPhhyyssiiccaall  AAnnaalloogguuee  
RReessoonnaannccee  

TTyyppee  
EEnneerrggyy  
SSccaallee  

AAeeoonniicc  PPhhaassee  

2301.4 waves dynamics 

Critical Line Re(s) = 1/2 
Conformal 
boundary 

Scale-
invariant 

All phases 

Polariton 
mapping 

ωₙ = α·γₙ + β·ln(γₙ) Hybrid excitation THz range 
Laboratory 
analogue 

Spacing 
statistics 

GUE distribution Quantum chaos Universal 
Holographic 
encoding 

44..  PPhhoonnoonn----PPoollaarriittoonn  PPllaattffoorrmmss  aass  SSiimmuullaattoorrss  ooff  CCuurrvveedd  SSppaacceettiimmee  

Graphene--hBN and other 2D materials support phonon--polaritons with tunable 
dispersion relations [7][8]. These quasi-particles reflect interplay between light 
(photon) and lattice vibrations (phonons), making them ideal for simulating 
gravitational effects, entropy fields, and conformal curvature. 

This synthetic resonance can: 

 Model entropy propagation like Hawking radiation. 
 Reflect geometric boundaries akin to critical lines. 
 Simulate symmetry-asymmetry transitions in lab setups [13](Fig 3.). 

 

 

Here is the simulation of ppoollaarriittoonn  ccoohheerreennccee  nneeaarr  zzeettaa--ffuunnccttiioonn  rreessoonnaannccee  nnooddeess, 

and how it behaves when rreessoonnaannccee  iiss  bbrrookkeenn: 

LLeefftt  PPlloott::  PPoollaarriittoonn  CCoohheerreennccee  NNeeaarr  ZZeettaa--RReessoonnaannccee  NNooddeess 

 Red circles indicate the aannaalloogguueess  ooff  nnoonn--ttrriivviiaall  zzeerrooss of the Riemann zeta 
function (critical strip). 

 These nodes act as ssttaabbiilliizzeerrss, where ppoollaarriittoonn  ccoohheerreennccee  iiss  mmaaxxiimmiizzeedd—like 
peaks of stability or resonance. 

 The system is information-rich and eennttrrooppyy--mmiinniimmaall at these resonance nodes. 

RRiigghhtt  PPlloott::  RReessoonnaannccee  BBrreeaakkddoowwnn  aanndd  IInnffoorrmmaattiioonn  LLeeaakkaaggee 

 A black "X" marks the lleeaakkaaggee  ppooiinntt, where the synthetic resonance is 
artificially disrupted. 

 The once-stable coherence field is llooccaallllyy  ddeeggrraaddeedd, indicating iinnffoorrmmaattiioonn  
lleeaakkaaggee—as if the event horizon failed to contain entropy. 

 The gradient shows ccoohheerreennccee  ttiimmee  lloossss, akin to qquuaannttuumm  ddeeccoohheerreennccee or 
iinnffoorrmmaattiioonn  eessccaappee  ffrroomm  tthhee  bboouunnddaarryy. 

Here is the simulation of polariton coherence near zeta-function resonance nodes, and how it behaves when resonance 
is broken:
Left Plot: Polariton Coherence Near Zeta-Resonance Nodes
• Red circles indicate the analogues of non-trivial zeros of the Riemann zeta function (critical strip).
• These nodes act as stabilizers, where polariton coherence is maximized—like peaks of stability or resonance.
• The system is information-rich and entropy-minimal at these resonance nodes.
	
Right Plot: Resonance Breakdown and Information Leakage
• A black “X” marks the leakage point, where the synthetic resonance is artificially disrupted.
• The once-stable coherence field is locally degraded, indicating information leakage—as if the event horizon failed to 
contain entropy.
• The gradient shows coherence time loss, akin to quantum decoherence or information escape from the boundary.
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  DDyynnaammiicc  TTiimmee  EEvvoolluuttiioonn  FFeeaattuurreess::  

11..  FFlluuccttuuaattiinngg  ZZeettaa  NNooddeess:: 

Dynamic Time Evolution Features:
Fluctuating Zeta Nodes:
• Temperature Noise: Simulates thermal fluctuations affecting the imaginary parts of zeta zeros
• Phase Fluctuation: Models quantum phase noise that destabilizes node coherence
• Node Sensitivity: Controls how responsive nodes are to environmental perturbations
• Adaptive Degradation: Node strength decreases based on fluctuation intensity but slowly recovers

Evolving Leakage Dynamics:
• Probabilistic Generation: New leakage points spawn near weakest nodes
• Propagating Damage: Leakage expands outward, degrading local coherence
• Age-Based Decay: Older leaks fade but leave permanent coherence damage
• Source Tracking: Visual connections show which node spawned each leak

Real-Time Visualizations:
Left Panel (Coherence Field):
• Blue regions = high polariton coherence (stable information)
• Red regions = degraded coherence (entropy increase)
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• Yellow circles = zeta nodes with fluctuating strength
• Dynamic heatmap shows real-time field evolution

Right Panel (Leakage Evolution):
• Red expanding circles = active information leaks
• Green dots = current node positions
• Yellow line graph = historical leakage activity
• Visual connections between leaks and source nodes

 Fig 3.11..  HHiillbbeerrtt--PPóóllyyaa  EExxtteennssiioonn:: The spectral approach suggests that imaginary Hilbert-Pólya Extension: The spectral approach suggests that imaginary parts γₙ of non-trivial zeta zeros could be 
eigenvalues of a quantum Hamiltonian. I propose these maps to polariton eigenfrequencies via:
ωₙ^polariton = α•γₙ + β•ln(γₙ) + δₙ

https://www.primeopenaccess.com/international-journals/international-journal-of-quantum-technologies.asp
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Where:
• α = light-matter coupling strength
• β = logarithmic quantum correction (vacuum fluctuations)
• δₙ = discrete quantum corrections from polariton interactions
	
Conservation Mechanism:
Topological Protection: Polaritons are quasiparticles from hybridization between molecular and photonic modes, and 
the conservation arises because:
• Zeta zero spacing statistics follow Gaussian Unitary Ensemble (GUE)
• Polariton eigenfrequencies inherit this statistical structure
• Conservation law: [Ĥ_polariton, N̂] = 0 (commutes with number operator)
• Topological invariant: The critical line Re(s) = 1/2 maps to a protected symmetry

Physical Realization:
Quantum System Implementation: The mapping could be realized in:
• Cavity QED systems with strong light-matter coupling
• Superconducting qubits in nondispersive regime
• Molecular polariton platforms with controlled detuning
• Synthetic quantum matter with engineered dispersion

The Great Pyramid as a Resonant Node of the Aeon
Built ~2600 BCE, the Great Pyramid aligns to cardinal points with high precision [9]. It has acoustic and electromagnetic 
properties that suggest potential for standing wave formation [14]. If interpreted symbolically:
• The Pyramid marks the rise of structural complexity in this aeon.
•  Its architecture encodes harmonic ratios matching Earth’s resonance [15].
• Its location may coincide with a polaritonic node on Earth’s lattice (Table 4).

Table 4: Symmetry/Asymmetry Transition Indicators

Indicator Symmetry Phase Transition Zone Asymmetry Phase Return to 
Symmetry

Cosmic Scale
Entropy (S/k) 0 → 10⁸⁸ 10⁸⁸ → 10¹²⁰ 10¹²⁰ (maximum) 10¹²⁰ → 0
Structure Homogeneous Fluctuation growth Complex hierarchy Dissolution
Temperature 10³² K 10³² → 3K 3K → 10⁻³⁰ K Uniform radiation
Pyramid Markers
Construction Era Pre-structure Complexity 

emergence
Peak civilization Archaeological relics

Acoustic Resonance Unbuilt 110-440 Hz active Harmonic evolution Structural decay
Geometric Precision N/A φ ratios, π encoding Mathematical peak Erosion/collapse
Quantum 
Signatures
Polariton Coherence Perfect Decoherence onset Classical limit Re-coherence
Riemann Zeros Trivial only Critical line approach Non-trivial structure Critical line return
Information Content Minimal Growing Maximum complexity Holographic storage
Physical Observables
Matter Density Uniform Inhomogeneity Bound structures Hawking evaporation
Spacetime Curvature Flat/uniform Local variations Strong field regime Conformal flattening
Vacuum State True vacuum False vacuum decay Metastable minima Vacuum restoration
Transition 
Timestamps
Big Bang t = 0 t = 380 Kyr t = 13.8 Gyr (now) t = 10¹⁰⁰ years
Human Civilization N/A N/A t = 10⁴ years ago Future unknown
Pyramid Construction N/A N/A t = 4.6 Kyr ago Decay timescale
Current Status Past Past PRESENT Future prediction
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Transitioning from Asymmetry to Symmetry
We are now in the late stage of this aeon, where entropy is maximal, structure is fragmenting, and black holes dominate 
[11,16]. The eventual evaporation of black holes will return the universe to a conformal state---a new symmetry.
Thus, CCC predicts:
• Current entropy saturation → conformal smoothing.
• Information loss (or holographic storage) → rebirth via geometry.
• Human history (~5000 years since Pyramid) is a brief flash in this late aeon stage (Fig 4.).

 Information loss (or holographic storage) → rebirth via geometry. 
 Human history (~5000 years since Pyramid) is a brief flash in this late aeon 

stage (Fig 4.). 

                                                                  
Figure 4: The Page curve of entropy vs. aeonic time, marking the Pyramid as a 
midpoint 

77..  CCoonncclluussiioonn::  AA  UUnniiffiieedd  VViissiioonn  ooff  AAeeoonn,,  SSppeeccttrruumm,,  aanndd  SSttrruuccttuurree  

By mapping CCC to Riemann spectral structures, and simulating them via polaritonic 
platforms, we unify: 

 Time cycles (aeons) 
 Mathematical harmonics (zeta zeros) 
 Material resonances (phonon--polaritons) 
 Human-symbolic architecture (Great Pyramid) 

This framework enables a cosmophysical language for describing the transition from 
asymmetry to symmetry---a return to the conformal origin (Fig 5). 

 Figure 4: The Page Curve of Entropy vs. Aeonic Time, marking the Pyramid as a Midpoint

Conclusion: A Unified Vision of Aeon, Spectrum, and Structure
By mapping CCC to Riemann spectral structures, and simulating them via polaritonic platforms, we unify:
• Time cycles (aeons)
• Mathematical harmonics (zeta zeros)
• Material resonances (phonon--polaritons)
• Human-symbolic architecture (Great Pyramid)
This framework enables a cosmophysical language for describing the transition from asymmetry to symmetry---a return 
to the conformal origin (Figure 5).

 

Figure 5: Unified model of CCC + Riemann + Polaritons + Pyramid 

SSuupplleemmeennttaarryy--11  

SSuupppplleemmeennttaarryy  MMaatteerriiaall::  DDNNAA--MMeeddiiaatteedd  AAtttteennttiioonn  CCoonnttrrooll  ooff  MMiiccrroottuubbuullee  CCoohheerreennccee  

Chur Chin,                                                                Department of Emer
gency Medicine, New Life Hospital, Bokhyundong, Bukgu,Daegu, Korea               
                                                    
Correspondence: nuestrodios@nate.com 

AAbbssttrraacctt  

Figure 5: Unified model of CCC + Riemann + Polaritons + Pyramid
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Supplementary-1 

Supplementary Material: DNA-Mediated Attention Control of Microtubule Coherence

Chur Chin*                                                              

Abstract
This supplement provides detailed documentation of a computational investigation into biophysical mechanisms for 
attention-like control of microtubule vibrational coherence. We implement a toy model where DNA acts as an attention 
controller, modulating coupling between phonon/polariton fields and microtubule oscillations through time-dependent 
local parameter changes. Our results demonstrate conditions under which such control is theoretically feasible and 
identify the key physical requirements for practical implementation.

Model Architecture and Implementation
Core Mathematical Framework
The microtubule is modeled as a chain of N coupled damped harmonic oscillators:
ẍᵢ + γᵢ(t)ẋᵢ + kᵢ(t)xᵢ + Kᵢ(t)(2xᵢ - xᵢ₋₁ - xᵢ₊₁) = Fᵢ(t) + ξᵢ(t)
Where:
• xᵢ: displacement of oscillator i
• γᵢ(t): time-dependent local damping
• kᵢ(t): time-dependent local stiffness
• Kᵢ(t): attention-modulated nearest-neighbor coupling
• Fᵢ(t): external driving forces (phonon + polariton + RF pump)
• ξᵢ(t): thermal noise

Attention Mechanism
The DNA-mediated attention controller modulates local parameters through:

Coupling Modulation:
Kᵢ(t) = K_base(1 + A • softmaxᵢ(sᵢ(t)))

Damping Modulation:
γᵢ(t) = γ_base(1 + B • softmaxᵢ(sᵢ(t)))
Where:
• sᵢ(t): low-dimensional latent projections from phonon (time-axis) and polariton (frequency-axis) inputs
• A, B: attention amplitudes for coupling and damping modulation
• softmax: spatial attention weighting function

External Drive Specifications
• Phonon Drive: Narrowband pulsed tone at microtubule resonance 
F_phonon(t) = A_ph • sin(2πf₀t) • exp(-((t-t₀)²)/(2σ²))
• Polariton Drive: Multi-frequency spatial pattern 
F_polariton,i(t) = Σⱼ A_pol,j • sin(2πfⱼt + φᵢⱼ)
• RF Pump: Continuous drive for coherence sustainability 
F_RF(t) = A_RF • sin(2πf_RF•t)

Simulation Parameters and Scaling
Base Parameters (Toy Model)
Parameter	 Value	 Unit	 Physical Meaning
N	 12	 -	 Number of oscillators
f₀	 5	 kHz	 Base resonance frequency
γ_base	 200	 Hz	 Base damping coefficient
k_base	 (2πf₀)²	(rad/s)²	Base stiffness
dt	 1×10⁻⁶	s	 Integration time step
Duration	 0.05	 s	 Simulation time

Attention Parameters
Parameter	 Range	Description
A (coupling)	 0 - 5	 Coupling modulation amplitude
B (damping)	 0 - 1	 Damping modulation amplitude
Target sites	 floor(N/3) to ceil(2N/3)	 Central third of chain
Modulation pattern	 Soft max spatial weighting	 Biologically plausible

https://www.primeopenaccess.com/international-journals/international-journal-of-quantum-technologies.asp
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RF Sweep Parameters
Reduced Grid (Completed Simulation):
• RF frequencies: 3.5 - 6.5 kHz (9 points, 375 Hz spacing)
• RF amplitudes: [1×10⁻⁶, 4×10⁻⁶, 1.6×10⁻⁵] (3 levels)
• Total parameter combinations: 27 per condition

Full Grid (Original Plan):
• RF frequencies: 3.5 - 6.5 kHz (13 points)
• RF amplitudes: 4 levels
• Total combinations: 52 per condition

Experimental Design and Methodology
Arnold Tongue Analysis
We systematically mapped coherence as a function of RF frequency and amplitude to identify entrainment regions. 
Three conditions were tested:
• Baseline: No attention modulation (A=0, B=0)
• Coupling Shutdown: Reduced coupling in central sites (A=-1, targeting central third)
• Damping Boost: Increased damping in central sites (B=1, targeting central third)

Coherence Measurement
Magnitude-squared coherence between mean microtubule signal and RF drive:
Coherence(f) = |⟨X(f)Y*(f)⟩|² / (⟨|X(f)|²⟩⟨|Y(f)|²⟩)
Where X(f) is the Fourier transform of the mean microtubule displacement and Y(f) is the RF drive spectrum.

Per-Site Analysis
Individual oscillator coherence computed to examine spatial distribution of attention effects and identify local vs. global 
control mechanisms.

Results Summary
Arnold Tongue Characteristics
Key Finding: Damping modulation showed stronger coherence control than coupling modulation, consistent with 
theoretical predictions.

Baseline Condition:
• Maximum coherence: ~0.98-1.00
• Clear Arnold tongue structure with frequency-dependent entrainment regions
• Higher RF amplitude expanded locking range

Coupling Shutdown:
• Moderate coherence reduction (typically 10-30% decrease)
• Fragmented locking regions due to local decoupling
• Edge sites maintained higher coherence than central sites

Damping Boost:
• Strong coherence reduction (up to 50-70% decrease)
• Shrinkage of Arnold tongues due to increased losses
• More uniform spatial suppression

Parameter Dependencies
From earlier parameter sweeps with RF pump:

Damping Sensitivity:
• γ = 50 Hz: coherence ≈ 0.28 (low)
• γ = 200 Hz: coherence ≈ 0.66 (moderate)
• γ = 1000 Hz: coherence ≈ 0.97 (high)

Attention Amplitude (Linear Regime):
• Coupling modulation (A = 0-5): minimal effect on global coherence
• Required stronger modulation or nonlinear mechanisms for switching

Parametric Modulation Results
When stiffness was modulated parametrically at k(t) = k₀ + k₁cos(ω_p t) with ω_p ≈ 2ω_ph:
• Small k₁: coherence similar to baseline
• Large k₁: coherence collapse with energy redistribution to sidebands

https://www.primeopenaccess.com/international-journals/international-journal-of-quantum-technologies.asp


11 Int J Quantum Technol, 2025

• Mechanism: parametric resonance enables nonlinear switching between coherent/incoherent states

Physical Interpretation and Biological Plausibility
Coherence Control Mechanisms
Why Damping Dominates: In the linear regime, spatial modulation of coupling primarily redistributes modal shapes 
without changing global energy balance. Damping modulation directly affects energy dissipation, providing more 
effective coherence control.

Parametric Modulation Advantage: Time-periodic modulation at 2× resonance frequency can:
• Amplify resonant modes (below threshold)
• Destabilize coherent states (above threshold)
• Enable switching between attractors in nonlinear systems

Biological Implementation Requirements
DNA-Mediated Control:
• Timescale matching: DNA binding/unbinding kinetics must match microtubule oscillation periods (μs-ms)
• Spatial targeting: sequence-specific binding for site-selective modulation
• Energy cost: ATP-dependent processes for sustained attention

Active Pumping Necessity:
• Thermal noise at physiological temperatures requires continuous energy input
• Fröhlich condensate conditions: pumping rate > dissipation rate
• Estimated requirement: ~10⁻¹⁸ - 10⁻¹⁷ W per oscillator

Experimental Validation Pathways
Near-term Tests:
• Microtubule resonance measurements in presence of specific DNA sequences
• Coherence spectroscopy with controlled electromagnetic pumping
• Single-molecule force spectroscopy of DNA-microtubule interactions

Advanced Validation:
• Real-time coherence control in living cells
• Attention-dependent neural processing correlations
• Quantum coherence measurements at physiological temperatures

Limitations and Future Directions
Model Limitations
Classical Treatment:
• No quantum coherence effects
• Simplified thermal noise model
• Linear coupling assumptions (except parametric tests)

Toy Parameters:
• Frequencies scaled for numerical stability
• Simplified damping model
• Limited spatial extent (N=12)

Missing Biology:
• Protein interactions
• Cytoplasmic environment effects
• Active transport processes

Recommended Extensions
Immediate:
• Realistic Parameter Fitting: Match experimental microtubule resonances (MHz-GHz range)
• Quantum Treatment: Include zero-point fluctuations and coherence measures
• Extended Spatial Models: Larger N, 2D/3D geometries
Advanced:
• Multi-scale Integration: Couple to neural network dynamics
• Experimental Calibration: Fit to measured dielectric/mechanical properties

Stochastic Control: Include DNA binding statistics and thermal fluctuations
Biological Integration:
• Protein Mediation: Include MAP proteins and motor dynamics

https://www.primeopenaccess.com/international-journals/international-journal-of-quantum-technologies.asp
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• Cell Environment: Cytoplasmic viscosity, crowding effects
• Metabolic Coupling: ATP availability and consumption

Computational Implementation
Numerical Methods
Integration Scheme: Explicit Euler (first-order)
• Justified for toy model exploration
• Future work should use higher-order methods (Runge-Kutta)

Coherence Estimation:
• Welch method for spectral coherence
• Down sampling for computational efficiency
• Transient removal (first 50% of simulation)

Performance Optimizations
Reduced Grid Strategy:
• 9×3 parameter grid (vs. 13×4 original)
• Preserved qualitative behavior
• Enabled reliable completion

Vectorization Opportunities:
• Parallel parameter sweeps
• GPU acceleration for large N
• Sparse matrix methods for coupling

Code Availability
The complete simulation is implemented in React/JavaScript for interactive exploration. Key features:
• Real-time parameter adjustment
• Multiple visualization modes
• Export capabilities for further analysis
	
Conclusions
This computational investigation demonstrates that DNA-mediated attention control of microtubule coherence is 
theoretically feasible under specific conditions:
• Damping modulation provides more effective control than coupling modulation in the linear regime
• Parametric modulation enables nonlinear switching between coherent/incoherent states
• Active pumping is essential for sustained coherence at physiological temperatures
• Spatial targeting allows selective control of different microtubule regions
The work establishes a quantitative framework for evaluating the biophysical plausibility of attention-like control 
mechanisms in cellular systems and identifies key experimental tests for validation.

Primary Contribution: We provide the first detailed computational model of how molecular-scale attention mechanisms 
could control mesoscale quantum coherence in biological systems, with specific predictions for experimental validation.

Key experimental and theoretical sources used for parameter estimation and model validation:
• Microtubule Vibrational Modes: PMC6408348 - Measured resonances in MHz-GHz range with length dependence
• Electromechanical Coupling: Physical Review E 100.022410 - Simulations of MT electric fields and interactions
• Dielectric Properties: PubMed 16500962 - Electro-orientation experiments showing nontrivial MT response
• Fröhlich Coherence: PNAS 0806273106 - Discussion of pumping requirements and dissipation limits in biological 
systems

Supplementary Data Files
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3. DDiieelleeccttrriicc  PPrrooppeerrttiieess: PubMed 16500962 - Electro-orientation experiments 
showing nontrivial MT response 

4. FFrrööhhlliicchh  CCoohheerreennccee: PNAS 0806273106 - Discussion of pumping 
requirements and dissipation limits in biological systems 

SSuupppplleemmeennttaarryy  DDaattaa  FFiilleess  

 

Supplement Fig 1.Treating phonons and polaritons as separate latent axes (time vs 
frequency), feed those into an attention-like controller implemented by DNA, and use 
that to bias microtubule dynamics.   
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 Supplement Fig 2. 
 .Plot 1: coherence at phonon freq vs attention amplitude for several damping 

levels (shows strong gamma dependence; nearly flat across A with current 
parameters). 

 Plot 2: example coherence spectrum (A=5, gamma=200, RF on) showing 
narrow coherence around phonon frequency and other features. 

 Plot 3: coherence vs parametric amplitude k1/k0 showing collapse of 
coherence for larger k1 in this run. 
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Supplement Figure 2.
• Plot 1: coherence at phonon freq vs attention amplitude for several damping levels (shows strong gamma dependence; 
nearly flat across A with current parameters).
• Plot 2: example coherence spectrum (A=5, gamma=200, RF on) showing narrow coherence around phonon frequency 
and other features.
• Plot 3: coherence vs parametric amplitude k1/k0 showing collapse of coherence for larger k1 in this run.
• Plot 4: time series snippet under strong parametric modulation showing large amplitude/irregular oscillations.
• Plot 5: PSD showing energy moved into sidebands / other frequencies under strong parametric modulation.

 Plot 4: time series snippet under strong parametric modulation showing large 
amplitude/irregular oscillations. 

 Plot 5: PSD showing energy moved into sidebands / other frequencies under 
strong parametric modulation. 

 

 

 

 

Supplement Fig 3. As expected for an entrainment scenario, hhiigghheerr  RRFF  aammpplliittuuddee  
eennllaarrggeess  tthhee  rraannggee  ooff  ffrreeqquueenncciieess  wwhheerree  tthhee  MMTT  ssiiggnnaall  iiss  ccoohheerreenntt  wwiitthh  tthhee  RRFF — 
the classic Arnold tongue behavior.The strongest coherence appears around the RF 
amplitude extremes and near resonant/nearby frequencies. Because the toy MT has 
multiple inputs (phonon, polariton) and some baseline damping, the exact tongue 
shape depends on damping, attention, and baseline drive strengths.This confirms: 
ttuunniinngg  RRFF  ffrreeqquueennccyy  aanndd  aammpplliittuuddee  ggiivveess  rroobbuusstt  ccoonnttrrooll  oovveerr  eennttrraaiinnmmeenntt//lloocckkiinngg in 
the toy model. 
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Supplement Figure 3. As expected for an entrainment scenario, higher RF amplitude enlarges the range of frequencies 
where the MT signal is coherent with the RF — the classic Arnold tongue behavior.The strongest coherence appears 
around the RF amplitude extremes and near resonant/nearby frequencies. Because the toy MT has multiple inputs 
(phonon, polariton) and some baseline damping, the exact tongue shape depends on damping, attention, and baseline 
drive strengths.This confirms: tuning RF frequency and amplitude gives robust control over entrainment/locking in the 
toy model.
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Supplement Fig 4.  TThhrreeee  AArrnnoolldd--TToonngguuee  HHeeaattmmaappss comparing:                 BBaasseelliinnee: 
No attention modulation                                            CCoouupplliinngg  
SShhuuttddoowwnn: Reduced nearest-neighbor coupling in central third                                                                                                            
DDaammppiinngg  BBoooosstt: Increased damping in central third                                        

PPeerr--SSiittee  CCoohheerreennccee  AAnnaallyyssiiss: Shows how attention affects 
different oscillator sites along the microtubule chain                                  

RReedduucceedd  GGrriidd: 9 RF frequencies × 3 amplitudes for reliable 
execution while preserving qualitative behavior  

Supplement Figure 4. 
Three Arnold-Tongue Heatmaps comparing:         
Baseline: No attention modulation                      
Coupling Shutdown: Reduced nearest-neighbor coupling in central third                                                      
Damping Boost: Increased damping in central third                   
Per-Site Coherence Analysis: Shows how attention affects different oscillator sites along the microtubule chain                
Reduced Grid: 9 RF frequencies × 3 amplitudes for reliable execution while preserving qualitative behavior
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