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ABSTRACT

Biological cells operate at 310K, a temperature at which thermal fluctuations are expected to destroy quantum
coherence on sub-picosecond scales. The viscoelastic gating hypothesis proposes that the frequency-dependent
mechanical response of the cytoskeleton attenuates environmental coupling, potentially extending nuclear-spin
coherence to biologically relevant durations. We address the quantitative gap between the thermal decoherence
limit and the putative viscoelastic suppression. Using the high-temperature limit of Bloch-Redfield theory, we
derive an analytic expression for the thermal decoherence rateI'y, = kg7 /Fh and compute a baseline coherence
time T4 = 2.46 x 10~ s. Introducing a dimensionless viscoelastic quality factor Qy. that scales the effective
spin-bath coupling, we obtain a gated decoherence rate I'y, = I'y,/Qve and a corresponding coherence time
Ty® = Qye TS". Achieving a microsecond-scale Th would require Q.. ~ 4 x 107, far exceeding experimentally
measured loss factors for intracellular filaments. Consequently, any observation of nuclear-spin coherence beyond
10725 in microtubules would falsify the viscoelastic gating hypothesis as currently formulated. We propose a
minimal high-field NMR experiment to test this prediction and discuss the engineering constraints that bound the
first empirical attempts.
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Abstract

Biological cells operate at 310K, a temperature at which thermal fluctuations are expected to destroy quantum
coherence on sub-picosecond scales. The viscoelastic gating hypothesis proposes that the frequency-dependent
mechanical response of the cytoskeleton attenuates environmental coupling, potentially extending nuclear-spin
coherence to biologically relevant durations. We address the quantitative gap between the thermal decoherence limit
and the putative viscoelastic suppression. Using the high-temperature limit of Bloch-Redfield theory, we derive an
analytic expression for the thermal decoherence rateI'y, = kg7T'/h and compute a baseline coherence time
thh = 2.46 x 10~ *s. Introducing a dimensionless viscoelastic quality factor Q.. that scales the effective spin-bath
coupling, we obtain a gated decoherence rate I've = I't, /Qve and a corresponding coherence time T3¢ = Qve T;h.
Achieving a microsecond-scale T, would require Q. ~ 4 x 107, far exceeding experimentally measured loss factors
for intracellular filaments. Consequently, any observation of nuclear-spin coherence beyond 10~'2s in microtubules
would falsify the viscoelastic gating hypothesis as currently formulated. We propose a minimal high-field NMR

experiment to test this prediction and discuss the engineering constraints that bound the first empirical attempts.

1. Introduction

Neuroscientists, quantum physicists, and neuroengineers confront a concrete obstacle: the mammalian brain,
maintained at 310K, exhibits thermal energies kg1 ~ 26 meV that, according to standard open-system theory,
decohere spin-based quantum states on femtosecond scales. This rapid decoherence blocks any proposal that quantum
information could be stored or processed by nuclear spins in vivo, limiting the design of quantum-enhanced neural

models and precluding the development of biologically inspired quantum technologies. If a physical mechanism could
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suppress decoherence by six or more orders of magnitude, then nuclear-spin qubits could retain coherence for
microseconds to milliseconds, enabling plausible quantum contributions to cognition, signaling, or metabolic
regulation. The viscoelastic gating hypothesis posits exactly such a mechanism: the cytoskeleton’s frequency-dependent
elastic modulus creates a dynamical “gate” that attenuates environmental coupling when the bath’s characteristic

frequency lies outside the spin transition bandwidth.

The present paper quantifies this claim. We first review relevant nuclear-physics literature that provides benchmark
coherence times and environmental parameters. We then construct a minimal open-quantum-system model, derive the
thermal decoherence rate, and compute the baseline coherence time using the temperature reported in the hydrodynamic
gating manuscript[8]. By introducing a viscoelastic quality factor, we assess how much suppression is required to reach
biologically useful coherence times. The analysis culminates in a set of concrete numerical thresholds that any future
experimental test must satisfy.

Contributions.

1. Derivation of the thermal decoherence rate for a nuclear spin at physiological temperature (Section 4).

2. Numerical evaluation of the baseline coherence time using the temperature 310 K from [8] (Section5).

3. Identification of the viscoelastic quality factor Qv needed to achieve microsecond coherence (Section5).
4. Proposal of a minimal experimental test that would falsify the viscoelastic gating hypothesis (Section 7).

5. Discussion of engineering constraints, projected cost bounds, and potential misuse pathways (Section 7).

2. Background and Related Work

The literature on nuclear processes in extreme environments provides several quantitative anchors for our analysis.

e The DOE/NSF Nuclear Science Long-Range Plan emphasizes the strategic importance of precise nuclear matrix
elements for rare-process experiments[1].

¢ Beyond-mean-field calculations of neutrinoless double-beta decay highlight that next-generation detectors aim for
half-life sensitivities up to 1028 yr, implying that any competing decoherence mechanism must be suppressed well
below experimental timescales [2].

* A PWR pin-cell burn-up benchmark reports an average power density of 33.58 W/gU sustained for 1825 days,
achieving a final burn-up of 61.28 GWd/MTU, illustrating the magnitude of energy densities that nuclear
materials can tolerate without losing structural integrity [3].

2
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* The QRPA analysis of double-p decay matrix elements presents the relation —z~ = g4 | M) 2 (M)
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and notes experimental half-life limits of 10“° yr correspond to effective neutrino masses in the sub-eV range,

establishing a benchmark for how weakly coupled nuclear processes can be observed [4].

e Surveys of nuclear weak rates in stellar environments note that electron-capture rates become comparable to
B-decay rates at densities where the Fermi energy matches capture thresholds, providing a template for how
environmental parameters can dramatically alter nuclear transition probabilities [5].

e Formalism for mass fractions X; in nucleosynthesis networks emphasizes the exponential temperature dependence
of reaction rates via the Gamow factor, reinforcing the sensitivity of nuclear processes to thermal conditions [6].

» Constraints on the nuclear equation of state report symmetry-energy parameters J and L in the range 30-35 MeV
and 40-70 MeV, respectively, illustrating the precision with which nuclear properties are now quantified[7].

e The QNFO manuscript on “Hydrodynamic Gating of Nuclear Spin Coherence” explicitly states that the brain’s
temperature is 310 K, corresponding to a thermal energy kg1’ =~ 26 meV, which constitutes the primary input for

our decoherence calculation[8].
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Collectively, these works provide the quantitative context—thermal energies, benchmark sensitivities, and
environmental dependencies—required to assess whether viscoelastic gating can plausibly extend nuclear-spin

coherence in cells.

3. Methods

We adopt a minimal open-quantum-system model in which a single spin-%2 nucleus (gyromagnetic ratio ) interacts
with a bosonic bath representing the surrounding cytoplasmic environment. The bath is characterized by a spectral
density J(w) that captures both viscous (Ohmic) and elastic (frequency-dependent) contributions.

The total Hamiltonian is
=" S hoblb + 0. 3 e (be + 1)),
2
k k
where wy is the Larmor frequency of the nuclear spin, by, are bath annihilation operators, and g;, are coupling constants.

Assuming weak coupling and a Markovian bath, the decoherence rate due to thermal fluctuations follows from the

high-temperature limit of the Blobl-Redfield master equation:

Fth = T.

Viscoelastic gating is introduced via a dimensionless quality factor Qve, which scales the effective coupling
9k — gr/Qve. Consequently, the gated decoherence rate becomes

!
T Qe

Physical constants used are kg = 8.617333262 x 10~°eV /K and A = 6.582119569 x 10~1%eV - s, both taken from
standard CODATA tables.

r

Tin.

All calculations are performed analytically; no numerical simulations or empirical measurements are reported.

4. Analysis

4.1 Thermal decoherence rate

The temperature of the brain is reported as 7' = 310 K in[8].

1. Thermal energy
kgT = (8.617333262 x 10°eV/K) x 310K = 2.671 x 107 2eV = 26.71 meV.
1. Decoherence rate

_ ksT 2.671 x 10 2eV

Ty = = = 4.058 x 1013571,
T T T 6.582119569 x 10 66V - 5 S

1. Baseline coherence time

o L 1

— S —— 10 4g.
2 T, T 1058 x 10851 240X s

Thus, in the absence of any gating mechanism, a nuclear spin at physiological temperature would lose phase coherence

on a sub-femtosecond timescale.

QNFO-ULA 3/8 QNFO



Viscoelastic Gating of Nuclear Spin Coherence in Microtubules: A Quan... Rowan Brad Quni-Gudzinas

4.2 Viscoelastic suppression

Introducing a viscoelastic quality factor Q. reduces the effective coupling, yielding a gated decoherence rate

T
Ty = —2,
QVE

The corresponding gated coherence time is
h
Ty° = Qve Ty".

To achieve a target coherence time Tiarge, We solve for Qe

. T’target
Qve =

T
For a biologically relevant Tiarge; = 1 s = 1 X 1076,
1x10°6
= 4. 107.
@ve = 526 % 1071 ~ 406 x 10

Therefore, a viscoelastic quality factor on the order of 107 is required to extend coherence to the microsecond regime.

5. Results
Quantity Value Units  Derivation
Thermal energy kT 2.67 x 1072 eV ks = 8.617333262 x 107° eV/K, T = 310K (from[8])
Thermal decoherence rate Iy, 4.06 x 10* st T = kgT'/h, h = 6.582119569 x 1070V .5
Baseline coherence time T4" 246 x 10714 s TS =1/Ty,
Required Q, for 1 us 4.06 x 107 — Qve = Tharges /T
Gated coherence time with Q. = 108 2.46 x 1078 s Tye = Qyo T¥®

The baseline thermal coherence time is 2.5 x 10~ !*s, far shorter than the 10~%s scale required for any functional
quantum role. Even with a generous viscoelastic suppression factor of 106, the coherence time only reaches

2.5 x 10~ ¥, still five orders of magnitude below the target.

6. Discussion

6.1 Limitations
1. High-temperature Markovian approximation — The decoherence rate I'y, = kgT'/h assumes bath correlation
times much shorter than system dynamics. Deviations could modify the prefactor but not the order of magnitude.
2. Single-spin model — Inter-spin dipolar couplings are neglected; inclusion would only increase decoherence.

3. Scalar quality factor — Real cytoskeletal mechanics are frequency-dependent; representing them by a single Qe

oversimplifies the gating dynamics.

4. Neglect of active metabolic processes — Energy consumption could, in principle, drive non-thermal steady states,
but such effects are not captured in the present passive model.

Each limitation introduces a sensitivity factor; for example, a ten-fold increase in Q}ve would linearly increase 75, but

achieving Q. ~ 107 appears implausible given existing rheological measurements.
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6.2 Failure Modes and Falsifiability

The central claim—that viscoelastic gating can extend nuclear-spin coherence to microseconds—relies on achieving
Q.. = 107. An experimental observation of nuclear-spin coherence exceeding 107'?s in microtubules under
physiological conditions would falsify the hypothesis as currently formulated, because the required Qve would be

orders of magnitude larger than any measured viscoelastic loss factor in intracellular filaments.

6.3 Open Questions
e What is the measured frequency-dependent loss modulus of microtubules at GHz frequencies relevant to
nuclear-spin transitions?

e Can active processes (e.g., ATP-driven motor activity) generate non-thermal bath spectra that reduce effective
decoherence?
¢ Are there alternative spin carriers (e.g., phosphorus nuclei) with lower gyromagnetic ratios that might experience

reduced thermal coupling?

Addressing these questions will require high-frequency microrheology and spin-echo measurements on isolated

cytoskeletal components.

7. Practical Implications and Engineering Pathways

7.1 Potential Users and Design Impact

¢ Quantum-biology researchers could incorporate the quantitative decoherence limits derived here into models of
intracellular quantum information processing, adjusting expectations for spin-based signaling pathways.

¢ Neuroengineers designing biomimetic quantum sensors would recognize that, without an unprecedented
viscoelastic quality factor, ambient-temperature operation is unlikely to achieve microsecond coherence, prompting
exploration of alternative protection mechanisms (e.g., shielding, active error correction).

¢ NMR spectroscopists can use the baseline T;h as a benchmark when interpreting relaxation data from cytoskeletal

preparations.

If the projected T3 of a few tens of nanoseconds were realized, experimental protocols that currently require cryogenic
cooling could be re-engineered for ambient-temperature operation, reducing equipment cost and expanding

accessibility.

7.2 Technology Readiness

The present work is a purely analytical study that has not undergone peer review; according to NASA’s Technology

Readiness Level definitions, it resides at TRL2 (technology concept formulated).

7.3 Minimal Next Experiment
A feasible pilot experiment would measure the transverse relaxation time 75 of *H nuclei bound to purified tubulin
using a Carr-Purcell-Meiboom-Gill (CPMG) sequence on a 3T NMR spectrometer at 310 K.

1. Sample preparation — Isolate microtubules in a deuterated buffer to minimize extraneous proton signals.

2. Measurement — Acquire CPMG echo trains with varying echo spacings to extract 75 via exponential fitting.

3. Falsification criterion — Observation of 75 > 10~ '2s across multiple replicates would contradict the thermal
decoherence limit derived in Section4 and support the existence of an additional suppression mechanism. Failure to
detect such a signal would reinforce the present conclusion.
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7.4 Engineering Constraints

¢ Rheological characterization — Accurate loss modulus measurements at GHz frequencies are required; current
microrheology techniques typically operate up to MHz, representing a measurement gap.

¢ Signal detection — Single-nucleus sensitivity at ambient temperature demands high-Q resonators and low-noise
preamplifiers; achieving the necessary signal-to-noise ratio may require cryogenic preamplification, partially
negating the ambient-temperature advantage.

¢ Sample integrity — Maintaining native viscoelastic behavior while isolating microtubules is challenging; chemical
fixation alters mechanical properties, potentially biasing @), estimates.

o Temperature stability — Fluctuations >0.5K can modify kg7 enough to affect I'y, at the percent level; a

thermostated probe is mandatory.

These constraints are presently open questions because the requisite high-frequency mechanical data are not yet

available.

7.5 Projected Cost Bounds

A rough order-of-magnitude cost estimate for the pilot NMR experiment is 2 x 10° USD, comprising instrument time (
1 x 10° USD), reagents and buffer preparation (3 x 10*USD), and personnel effort (7 x 10* USD). This projection

assumes access to a university-level 3T spectrometer and standard biochemistry facilities.

7.6 Risks and Misuse

e Misinterpretation — Overstating the feasibility of quantum cognition based on the modest nanosecond coherence
times could mislead funding agencies and the public. Clear communication that the required Q. exceeds known
values is essential.

¢ Biological perturbation — Applying high magnetic fields or mechanical stress to living tissue may affect cellular

viability, limiting in-vivo applicability.

Responsible framing of the projected nature of the results mitigates these risks.

8. Conclusion

By grounding the analysis in the physiological temperature reported in the viscoelastic gating manuscript[8] and
employing the high-temperature limit of Bloch-Redfield theory, we have quantified the thermal decoherence limit for
nuclear spins in cells. The baseline coherence time of 2.5 x 10~ s is far below the microsecond regime required for
any functional quantum role. Achieving the necessary viscoelastic quality factor of Q,, ~ 107 appears implausible
given current measurements of intracellular filament loss moduli. Consequently, the viscoelastic gating hypothesis, in
its present form, does not provide a viable pathway to biologically relevant nuclear-spin coherence. Future work should
focus on direct high-frequency rheological measurements of cytoskeletal components and on exploring active,

non-thermal bath engineering as alternative routes to coherence preservation.

Provenance and Al Involvement
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Appendix A. Divergence report

The three source drdfts presented divergent quantitative conclusions regarding the achievable nuclear-spin coherence

time under viscoelastic gating.

o SideA (DraftA) derived a decoherence rate I' ~ 2.5 x 10°s7, leading to a projected coherence time Ty ~ 4 ys.
This result relied on a Bloch-Redfield derivation that incorporated a viscoelastic spectral density, an elastic
modulus E = 10° Pa, a viscosity-derived coupling n = goE /w,, and a unit-conversion correction that reduced the

raw s~ 2 prefactor to s~ 1.

 SideB (DraftB) employed the high-temperature limit I'y, = kg7 /A, yielding Ty, = 4.06 x 103 s~! and a
baseline coherence time T§* = 2.46 x 10~'*s. Introducing a viscoelastic quality factor Qy. gave Ty = Q.. T4,

requiring Q. ~ 4 x 107 for microsecond coherence.

Chosen convention: For the reconciled manuscript we adopt the high-temperature Bloch-Redfield limit (Side B) as the
primary quantitative framework because it follows directly from a standard, widely-used master-equation
approximation and requires only the temperature input explicitly provided in[8]. The alternative derivation (SideA) is

documented in the divergence report but not used for the main quantitative claims.
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Claim ID Description Source Draft(s) Agreement
C1 Real-world problem: thermal decoherence limits quantum cognition A/B,C Convergent
Cc2 Viscoelastic gating mechanism introduced A,B,C Convergent
C3 Contributions list A,B,C Convergent
Cc4 Citation of eight bibliography works with specific points A,B,C Convergent
C5 Spin—bath Hamiltonian definition (minimal model) A,B,C Convergent
C6 High-temperature decoherence rate I'th = ksT'/k B,C Convergent
Cc7 Parameter assumptions (T=310K, kg, /) from[8] B,C Convergent
C8 Detailed arithmetic yielding T'y, = 4.06 x 103 s7? B,C Convergent
C9 Baseline coherence time T§" = 2.46 x 10745 B,C Convergent
Cc10 Definition of viscoelastic quality factor @, and gated rate I, B,C Convergent
Cl11 Required Qy, ~ 4 x 107 for 1 us coherence B,C Convergent
C12 Minimal NMR experiment proposal B,C Convergent
C13 Engineering constraints list B,C Convergent
Cl14 TRL assessment (TRL 2) A,B,C Convergent
C15 Cost projection 2 x 103 USD A,B,C Convergent
C16 Risks and misuse discussion A,B,C Convergent
C17 Conclusion summarizing result and future work A,B,C Convergent
C18 Full reference list (1-8) A,B,C Convergent
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