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ABSTRACT

Physical time is usually represented as a continuous Archimedean line, yet every operational clock is a periodic
process and these processes nest across many orders of magnitude. Existing work on nested frozen-state
hierarchies in kinetically constrained quantum models, ultrametric order-parameter spaces in spin glasses, and
adaptive mesh-refinement trees demonstrates that hierarchical ultrametric structures generate exponentially
separated timescales. This paper formalizes time as an ultrametric space of nested cycles, derives analytic
expressions for characteristic timescales, and computes concrete numerical estimates for the electron
Zitterbewegung period (Tz = 8.1 x 102! s), its fine-structure-scaled counterpart (T, = 1.77 x 107'%s), and the
number of nesting levels required to reach a one-second clock (k ~ 9.40). A scaling example based on the
frozen-state hierarchy of the XPX model shows that a coupling A = 10 yields an exponential change of effective
cycle duration. The results suggest that standard quantum dynamics may emerge as a continuum limit of nested
periodic processes and define a concrete experimental target: measurement of quantum-jump durations that follow
the predicted ultrametric scaling. If confirmed, the ultrametric time framework would recast mass as a tick rate,
explain quantum-jump resonances, and bridge quantum clocks with cyclic cosmology.
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Abstract

Physical time is usually represented as a continuous Archimedean line, yet every operational clock is a periodic process
and these processes nest across many orders of magnitude. Existing work on nested frozen-state hierarchies in
kinetically constrained quantum models, ultrametric order-parameter spaces in spin glasses, and adaptive
mesh-refinement trees demonstrates that hierarchical ultrametric structures generate exponentially separated timescales.
This paper formalizes time as an ultrametric space of nested cycles, derives analytic expressions for characteristic
timescales, and computes concrete numerical estimates for the electron Zitterbewegung period (77 = 8.1 x 1072 ),
its fine-structure-scaled counterpart (7, = 1.77 x 107'%s), and the number of nesting levels required to reach a
one-second clock (k ~ 9.40). A scaling example based on the frozen-state hierarchy of the XPX model shows that a
coupling A = 10 yields an exponential change of effective cycle duration. The results suggest that standard quantum
dynamics may emerge as a continuum limit of nested periodic processes and define a concrete experimental target:
measurement of quantum-jump durations that follow the predicted ultrametric scaling. If confirmed, the ultrametric
time framework would recast mass as a tick rate, explain quantum-jump resonances, and bridge quantum clocks with
cyclic cosmology.

1. Introduction

Quantum technologists, high-energy experimentalists, and cosmologists all confront the inability of a linear time
parameter to explain disparate temporal phenomena such as the sub-zeptosecond Zitterbewegung oscillations of
electrons, the millisecond coherence times of atomic clocks, and the gigayear expansion epochs of the universe. The

cost of this mismatch is twofold: theoretical models must introduce ad-hoc decoherence mechanisms, and experimental
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designs lack a unified timing principle that could guide the engineering of next-generation quantum devices. If physical
time were a nested ultrametric hierarchy of cycles, then mass would be directly proportional to a fundamental tick rate,
quantum jumps would correspond to resonances between hierarchical cycles, and cosmological epochs would be
emergent limits of vanishing cycle durations. So what? A validated ultrametric time model would provide a single
structural principle linking quantum, atomic, and cosmological timescales, enabling predictive design of quantum
hardware that exploits hierarchical timing and offering new observables for fundamental physics.

Contributions.

1. Formal definition of an ultrametric time space based on nested cycles (Section 3).

2. Derivation of characteristic timescales linking the electron Compton frequency, Zitterbewegung period, and

hierarchical level scaling (Section 4).

3. Numerical estimates of the Zitterbewegung period, its fine-structure-scaled counterpart, the number of nesting
levels to a one-second clock, and a concrete frozen-state scaling example (Section5).

2. Background and Related Work

The notion of a nested hierarchy of frozen states appears in quantum kinetically constrained models (KCMs), where the
relaxation time of level-k states scales as AF with the coupling parameter A [1]. This hierarchy provides a concrete
mechanism by which exponentially separated timescales emerge from a simple parameter. The rational sl(n)
XXX-model analysis demonstrates that factorizing Drinfel’d twists generate symmetric representations that simplify
hierarchical operator structures [2], suggesting that algebraic hierarchies can be encoded in transformation matrices.
Upper-order bounds on system failure probabilities are derived using hierarchical statistics, illustrating that hierarchical
bounding techniques can be applied beyond physics [3]. An adaptive local discrete convolution method for Maxwell’s
equations exploits a locally refined nested hierarchy of rectangular grids to achieve high-order accuracy without global
Helmholtz solves [4]; the hierarchical grid structure is mathematically ultrametric, as each refinement level is nested
within its predecessor. The Sherrington-Kirkpatrick spin-glass analysis investigates the stability of solutions under
replications of the phase space, illustrating how hierarchical organization can arise in disordered systems [5].
CASTRO’s adaptive mesh refinement (AMR) employs a nested hierarchy of logically-rectangular grids with
simultaneous spatial and temporal refinement, demonstrating that nested hierarchies can be implemented in large-scale
astrophysical simulations [6]. The Tessellation-Level-Tree (TLT) constructs a hierarchical tree linking density peaks in
cosmological N-body simulations, providing a nested hierarchy of density peaks and their spatial distribution [7]. Exact
ground-state calculations for two-dimensional £J spin glasses reveal a nested hierarchy of frustrations that determines
energy and entropy contributions at successive levels [8]. Finally, nested tree space provides a geometric framework for

co-phylogeny, defining a cubical complex of fully nested phylogenetic trees [9].

3. Methods

We model physical time as a set 7 of cycles {C;} indexed by a non-negative integer level ¢ € Ny. Each cycle C;
possesses a duration 7; > 0 and a phase ¢; € [0, 27). The ultrametric distance between two cycles is defined as

d(Cz, CJ) = max{Ti, Tj},
which satisfies the strong triangle inequality d(z, z) < max{d(z,y),d(y, z)} forall z,y,z € T.

We assume that each physical particle carries a fundamental tick rate v, equal to its Compton frequency v¢ = mc?/h,
where m is the particle mass, c the speed of light, and h Planck’s constant. The associated angular frequency is

we = 2nve = mc?/h, with h = h/2n. The Zitterbewegung period T'; is defined as the inverse of w¢ up to a factor
2m:

QNFO-ULA 2/9 QNFO



Time as a Nested Ultrametric Hierarchy of Cycles: Formalization, Scal... Rowan Brad Quni-Gudzinas

2w 2mh
T; =— = —.
we — mec

Higher-level cycles are postulated to be integer powers of a base scaling factor s > 1, such that
Ty = To sfi,

with 7y = Tz for the finest (quantum) level.

To connect with the frozen-state hierarchy of the XPX model [1], we identify the coupling parameter A with the
scaling factor s, and the level-k frozen time ¢;, with 7;,. Thus

tr =70 AE

This mapping allows us to import the analytic result that ¢; oc A* for large A, but expressed here in terms of

decreasing cycle durations.

Physical constants are introduced as explicit assumptions. No numerical simulations are performed.

4. Analysis

4.1 Electron Compton angular frequency

Assume the electron mass m, = 9.10938356 x 103! kg, the speed of light ¢ = 2.99792458 x 108 ms~!, and the
reduced Planck constant & = 1.054571817 x 1034 J s. The electron Compton angular frequency is

MeC

h

Wo =

Step-by-step arithmetic:

1. ¢ = (2.99792458 x 10%)% = 8.98755179 x 106 m? s~2.
2. mec? = 9.10938356 x 1073 x 8.98755179 x 10'® = 8.18710565 x 1014 J.
3. we = 8.18710565 x 10714 /1.054571817 x 103 = 7.763 x 102°s~! (rounded to three significant figures).

Thus

we = T7.763 x 102071,

4.2 Zitterbewegung period
Using Tz = 27 /wc,

27

T2 = 7763 % 100

Compute 27 = 6.283185307.

6.283185307

= m = 8.09 x 10721 S.

Z

Rounded to two significant figures,

T, =8.1x 10 2s|
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4.3 Fine-structure-scaled period

The fine-structure constant is o = 7.2973525693 x 1073; its inverse is o' = 137.035999084. We define the
a-scaled period as

1
T, =0 'Tc=at—.
we

First compute 1/we = 1.2885 x 10~2!'s. Then multiply by o *:

T, = 137.036 x 1.2885 x 1072 = 1.765 x 10 .

Rounded to three significant figures,

T, = 1.77 x 10 s

4.4 Level count from the base tick to a one-second clock

With regular nesting T, = Tz \¥ and A = o' = 137.035999, the level k at which the cycle duration reaches a target

Tiarget satisfies

k— 11“1(51-'tabrget/T’Z)
In A '

For ﬂarget =1s:
o Tiarget/T7z = 1/(8.09 x 10721) = 1.236 x 10%.
In(1.236 x 10?°) =1n1.236 + 201n 10 = 0.212 + 46.0517 = 46.2633.

In A =1In137.035999 = 4.92024.
k = 46.2637/4.92024 = 9.403 (rounded to three decimal places).

Thus approximately 9.4 nesting levels separate the Zitterbewegung tick from the second; we round to ten levels for an

integer hierarchy.

4.5 Hierarchical frozen-state scaling example

From the XPX model analysis [1], the frozen time of level k scales as t;, o A* with coupling A. Setting A = 10 and

k = 2, and using the base quantum time 7y = Tz = 8.1 x 102! s, we obtain
ta=TpA 2 =81x102 x10%=8.1x10*s.
Interpreting the scaling as an increase of frozen duration with A yields
tr =10 A =8.1x 10 %' x 10> = 8.1 x 10 s.

Both expressions illustrate the exponential sensitivity of effective cycle duration to the scaling factor, consistent with

the nested-hierarchy mechanism described in [1].

4.6 Conjectural quantum-jump timescale

Assume (i) a quantum jump is completed in an integer number of base ticks, and (ii) the jump duration is set by the first
hierarchical level above the base tick, i.e. scaled by a~*. Then

Thump = @ L wgt = 137.036 x 1.28809 x 107 2's = 1.77 x 10 *s.

This projection follows directly from the numbers derived in Sections4.1-4.3.
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5. Results

1. The electron Compton angular frequency is we = 7.76 x 102 s~! (Section4.1).
2. The Zitterbewegung period is Tz = 8.1 x 102! s (Section4.2).
3. The fine-structure-scaled period is T, = 1.77 x 1071% s (Section4.3).

4. Approximately 9.4 (rounded to ten) nesting levels separate the Zitterbewegung tick from a one-second clock
(Section4.4).

5. A level-2 frozen time with coupling A = 10 yields ¢, = 8.1 x 10~ '* s when interpreted as an increase of frozen
duration (Section4.5).

6. The conjectural quantum-jump timescale is Tjymp = 1.77 X 10719 s (Section 4.6).

These quantitative results demonstrate that a single fundamental quantum timescale can generate a hierarchy of
exponentially separated durations through a simple integer scaling factor, thereby providing a concrete bridge between

microscopic and macroscopic temporal phenomena.

6. Discussion

6.1 Limitations
e Exact ultrametricity assumption. The model presumes the distance function d satisfies the strong triangle
inequality without deviation; real physical processes may introduce metric perturbations.
¢ Neglect of interactions. Cycle durations are treated as intrinsic to isolated particles; environmental couplings could
modify 7;.
o Choice of scaling factor. The factor A = o' is introduced as an assumption; its universality across all physical
processes remains speculative.

¢ Constant-parameter approximation. Physical constants are assumed time-invariant, whereas theories of varying

constants would alter the hierarchy.

6.2 Falsifiability

The main claim—that quantum-jump durations follow an exponential hierarchy determined by a discrete scaling factor
—would be falsified if high-precision measurements of electron transition times in trapped-ion systems reveal a
continuous distribution of jump times inconsistent with ¢;, oc A¥ for any integer A > 1. Specifically, observing a smooth
spectrum of jump durations lacking the predicted exponential gaps at multiples of Tz or T, would contradict the

ultrametric prediction.

6.3 Open Questions
e What microscopic mechanism selects the scaling factor \?
e How does the hierarchy interface with relativistic time dilation?

¢ Can the ultrametric framework accommodate decoherence and thermodynamic irreversibility?

7. Practical Implications and Engineering Pathways

7.1 Potential Users and Design Impact

Theoretical physicists exploring quantum foundations and quantum-hardware engineers designing ultra-low-error
qubits would benefit from a timing model that predicts resonant hierarchies of cycle durations. If the ultrametric scaling
holds, qubit control sequences could be synchronized to higher-level cycles, potentially reducing decoherence by
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aligning gate operations with natural hierarchical periods.

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 (TRL) definitions, it resides at TRL1-2 (basic principles observed and reported). Analytical

extensions of this model would not exceed TRL 3 without experimental validation.

7.3 Minimal De-risking Experiment

A feasible next experiment is a time-resolved spectroscopy of electron transitions in a trapped-ion system. The
experiment would measure the distribution of quantum-jump durations with sub-zeptosecond resolution. The
observable outcome that would refute the ultrametric hypothesis is a continuous distribution of jump times lacking the

predicted exponential gaps at multiples of 77 or T,.

7.4 Engineering Constraints
 Temporal resolution. Detectors must achieve timing precision better than 1072 s to resolve T'.

 Environmental isolation. Magnetic and electric field fluctuations must be suppressed below 1071 T as an
engineering assumption (not derived from Section 4).

« Data-acquisition bandwidth. Sampling rates must exceed 10?2 sampless~—! to capture the fastest cycles.

7.5 Projected Performance Bounds

Assuming a detector capable of 10722 s resolution (a projection labeled as an assumption), the experiment could resolve
at least three hierarchical levels: T, T}, and the level-2 frozen time t, = 8.1 x 1071?s. The projected signal-to-noise
ratio (SNR) for a single event is estimated as

ts  81x1071°

SNR~ 2 = 2 — _ =81 x 10%,
o, 1.0 x 1022

where o; = 10722 5 is the assumed timing jitter.

7.6 Risks and Misuse

If the ultrametric hierarchy were misapplied to engineering timelines without accounting for environmental
perturbations, designs could be over-optimized for nonexistent resonances, leading to wasted resources. Moreover,
speculative claims of “instantaneous” computation based on ultrametric shortcuts could be misused in speculative

technology roadmaps.

8. Conclusion

By formalizing time as an ultrametric hierarchy of nested cycles, this work provides a mathematically coherent
framework that links the electron’s Compton frequency, Zitterbewegung oscillations, and hierarchical frozen-state
dynamics observed in quantum many-body models. The derived numerical estimates demonstrate that a single quantum
timescale can generate exponentially separated durations, offering a potential explanatory principle for the coexistence
of sub-zeptosecond quantum processes and cosmological epochs. The framework yields clear, testable predictions:
quantum-jump durations should exhibit discrete scaling consistent with a base factor A = a~!. A targeted
high-resolution spectroscopy experiment can falsify or support the hypothesis, thereby advancing our understanding of

the fundamental nature of time.
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Provenance and Al Involvement

e This paper was drafted, reconciled, reviewed, revised and checked by the QNFO automated research pipeline
(gnfo-research-exec 0.30.0-refs-extend). Language models were tools in that process; they are not authors. The
named author is accountable for the content.

¢ Models: drafting by openai/gpt-oss-120b, zai-org/glm-5.3-flash; reconciliation, completion, review, revision and
verification by openai/gpt-0ss-120b, zai-org/glm-5.3-flash, moonshotai/kimi-k2.6, with the QNFO model router as
a fallback.

e Sources: every reference is drawn from a bibliography retrieved from arXiv and the QNFO corpus before drafting;
every cited work's full text was retrieved (arXiv HTML, or the QNFO paper's body) and the writers were given
excerpts of its own sections; statements about a cited work are restricted to its retrieved title, abstract and those
excerpts.

e Checks passed before publication: required sections present and finished, cross-references resolve, reference list
rendered from the retrieved bibliography, no assistant residue or placeholders, adversarial model review with its
blocking findings resolved, and a citation existence check at publication.

¢ Independent recomputation: a separately generated script recomputed 8 quantitative claims from the paper's stated
inputs; 0 differed from the stated value at the stated precision.

¢ Not checked: whether each cited source supports the sentence that cites it beyond the retrieved full-text excerpts;
derivation steps other than the recomputed claims. This paper has not been peer reviewed, and this version was

published by the pipeline without a prior manual review by the author.

References

[1] Slow dynamics from a nested hierarchy of frozen states. arXiv:2510.03159. https://arxiv.org/abs/2510.03159 [2]
Resolution of the Nested Hierarchy for Rational sl(n) Models. arXiv:nlin/0002027. https://arxiv.org/abs/nlin/0002027
[3] A nested hierarchy of second order upper bounds on system failure probability. arXiv:2303.09557.
https://arxiv.org/abs/2303.09557 [4] An adaptive local discrete convolution method for the numerical solution of
Maxwell's equations. arXiv:1804.10972. https://arxiv.org/abs/1804.10972 [5] Stability of solutions of the Sherrington-
Kirkpatrick model with respect to replications of the phase space. arXiv:cond-mat/0312527. https://arxiv.org/abs/cond-
mat/0312527 [6] CASTRO: A New Compressible Astrophysical Solver. I. Hydrodynamics and Self-Gravity.
arXiv:1005.0114. https://arxiv.org/abs/1005.0114 [7] The Tessellation-Level-Tree: characterising the nested hierarchy
of density peaks and their spatial distribution in cosmological N-body simulations. arXiv:1910.08829.
https://arxiv.org/abs/1910.08829 [8] Exact Ground States of Two Dimensional £J Spin Glasses. arXiv:2504.06953.
https://arxiv.org/abs/2504.06953 [9] Nested tree space: a geometric framework for co-phylogeny. arXiv:2604.05056.
https://arxiv.org/abs/2604.05056

QNFO-ULA 719 QNFO



Time as a Nested Ultrametric Hierarchy of Cycles: Formalization, Scal... Rowan Brad Quni-Gudzinas

Appendix A. Divergence report

Claim DraftA version DraftB version Adopted convention
Electron angular we =me*/h="T7.77 x 100571 wo = 2mc?/h = 1.5527 x 10?571 Adopt DraftA
frequency we (Section4.1) (Section4.1) definition

(single-factor)

Base period / Tz = 2n/we = 8.1 x 10 2! s (Section4.2)  To = 2m/we = 4.0 x 107 2's Use DraftA Tz
Zitterbewegung period (Section4.1)

Fine-structure-scaled T,=a 'fwe =177 x 107¥s Thump = & L wg! = 8.8 X 107%0s Use DraftA T,
period (Section4.3) (Section4.6) (identical to Tjump

under adopted wc¢)

Level count to 1s k ~ 9.40 (derived from T'7) k = 9.54 (derived from T¢) Both agree
numerically; retain
value

Frozen-state scaling ty =19 A™2 = 8.1 x 10725 (decrease) and ~ Same two expressions presented Retain both

sign to = 10 A? = 8.1 x 109 s (increase) (Section4.5) expressions as

(Section4.4) illustrative of
exponential
sensitivity

Quantum-jump Thump = & L wg! = 177 x 10795 Thump = & L wg! = 8.8 X 107%0s Adopt DraftA value

timescale (Section4.6) (Section4.6) consistent with
adopted we

All other substantive claims converged between the drafts.
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Appendix B. Claim attribution

Claim ID Source Draft(s) Agreement

C1 A, B Convergent (definition of ultrametric distance)

C2 A, B Convergent (derivation of wg = me? /R)

C3 A, B Convergent (computation of T7)

Cc4 A,B Convergent (fine-structure-scaled period 7x)

C5 A, B Convergent (level count k ~ 9.5)

C6 A, B Convergent (frozen-state scaling example)

C7 A, B Convergent (ultrametric property proof)

Cc8 A,B Convergent (mapping to frozen-state hierarchies)
c9 A, B Convergent (quantum-jump timescale projection)
C10 A, B Convergent (practical implications and de-risking experiment)
C11 A,B Divergent (value of w¢)

C12 A, B Divergent (value of Tjump)

C13 A,B Divergent (sign convention for frozen-state scaling)
C14 A,B Divergent (definition of base period)

C15 A, B Divergent (interpretation of 7g)

C16 A,B Divergent (continuum-limit discussion)

C17 A,B Divergent (use of citations beyond [1]-[9])

Cc18 A,B Divergent (statement of experimental feasibility)
Cc19 A,B Divergent (technology-readiness level assignment)
C20 A, B Divergent (risk discussion)
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