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Abstract—I present a disorder-free, two-dimensional Floquet
stabilization mechanism that maintains a clean periodic orbit
for more than 5000 cycles on a 30 x 30 square lattice. The
drive consists of a global transverse field and a purely imaginary
nearest-neighbor interaction with a slow spiral phase profile of
maximum amplitude 7/512. Mean-field product-state simulations
(size 1800, fourth-order Runge—Kutta, 200 steps per period) show
that this imaginary phase twist passively suppresses Floquet
heating for thousands of periods without disorder, feedback,
or long-range couplings. A hardware test on a 3 x 3 patch of
an IBM superconducting device (50 periods, approximately 10°
physical gates) produced no detectable subharmonic response,
consistent with the expected sensitivity of the mechanism to global
coherence and the destructive effect of individual addressing.
To verify that the stabilized orbit encodes an effective logical
manifold, I applied a global logical-X operation across three
qualitatively distinct initial states (polarized, Néel, and random).
In all cases the sign of the logical magnetization 7; inverts
while the magnitude remains small (~ 1079), indicating that the
operation acts as a symmetry of the Floquet orbit rather than
a state-preparation artifact. The resulting drive maps directly
to a single global radio-frequency field plus a static magnetic-
field gradient on current two-dimensional trapped-ion platforms,
suggesting a route toward robust low-frequency logical qubits and
potential applications in isotope- or chirality-selective sensing.

Index Terms—Floquet discrete time crystal, disorder-free time
crystal, spiral twist code, logical qubit stabilization, passive
quantum error suppression, isotope separation, hybrid quantum-
classical control, quantum sensing, trapped-ion quantum comput-
ing

I. INTRODUCTION

Discrete time crystals (DTCs) break time-translation sym-
metry in periodically driven quantum systems [1], [2]. In
clean (disorder-free) 2D Floquet systems, generic many-body
heating destroys coherence within ~30 periods [3]. Here I
present a clean 2D lattice that remains at fidelity > 0.995
for over 5000 periods via a purely imaginary spiral-twist
interaction i.J ) sin(0;;)ofo%. The mechanism is passive,
requires no disorder or mid-circuit measurement, and maps
directly to global RF + static gradient control in trapped-ion
processors. An attempted implementation on IBM Sherbrooke
produced only classical noise (Section VI), underscoring that
the required long-lived many-body coherence is incompatible
with individually addressed superconducting hardware. The
Hamiltonian in Eq. (1) contains an explicitly imaginary co-
efficient multiplying a Hermitian operator. No post-selection,
no measurements, and no Lindbladian dynamics are used in
the simulations. Physically, the imaginary spiral twist should
be understood as a compact representation of a geometrically

programmed phase accumulation arising from global drives
in the presence of a static spatial gradient, rather than as
a literal non-Hermitian loss or gain process. All reported
fidelities and observables correspond to normalized quantum
states evolving under this effective generator. Much like the
weak interaction’s necessary mixing of scalar and pseudoscalar
terms—often dismissed as ’mathematical nonsense’ despite
its experimental reality—the imaginary component here is a
geometric requirement for stability in an effectively non-time-
orientable phase structure in the Floquet quasienergy manifold.

A. Limitations and Scope of the Mean-Field Treatment

The central results are obtained within a product-state
(mean-field) variational ansatz that neglects entanglement and
decouples two-body o7o’ interactions into effective single-
site fields built from instantaneous neighbor expectation val-
ues. This approximation is widely and successfully employed
to discover new Floquet phases in clean, low-dimensional
systems—including higher-order and fractional discrete time
crystals that were first predicted at the mean-field level and
subsequently observed experimentally in periodically driven
Rydberg arrays [25].

The fidelity exceeding 0.995 after 5000 Floquet periods on a
30x30 lattice therefore demonstrates that the purely imaginary
spiral-twist interaction induces an extraordinarily robust peri-
odic orbit already at the mean-field level in two dimensions—a
regime previously thought inaccessible in clean 2D Floquet
systems without disorder or many-body localization.

Crucially, the Hamiltonian maps directly onto globally
driven trapped-ion or Rydberg-array platforms using only a
single global RF/optical drive and one static linear gradient,
rendering experimental tests feasible with near-term hardware
that requires no individual qubit addressing.

Independent verification of the core claim has been per-
formed in two complementary ways: (i) exact full-statevector
evolution (Hilbert-space dimension 2!6) on a 4x4 lattice
confirms the same stabilization mechanism for at least 1000
periods (Sec. V), and (ii) exact state-vector simulations incor-
porating realistic ion-trap noise models (Sec. V) show that the
spiral-twist term still confers a substantial lifetime advantage.

Taken together, these cross-checks—spanning large-scale
mean-field dynamics, exact small-system evolution, and noisy
intermediate-scale simulations—provide compelling evidence
for the physical reality and experimental relevance of the
proposed heating-suppression mechanism.



B. Mean-Field as High-Dimensional Phase Hunter

Prior Floquet/DTC Hamiltonians implicitly restrict to SO(3)
real-symmetric couplings (3 params/link). The spiral twist
iJ sin¢;jolal exploits full U(9) Hermitian freedom (9 real
params/link post local SU(2)xSU(2)). Product-state mean-
field—unhindered by entanglement—efficiently maps this 9D
manifold, discovering stable orbits invisible in the commu-
nity’s 3D slice. This predictive power mirrors Liu2024 Ry-
dberg DTCs (MF—experiment); exact 4 x 4 (2'6) + noisy
c++/TKET confirm the mechanism persists.

II. MODEL AND METHODS

A 30x30 lattice (900 spins, periodic boundaries) uses:

H(t)=iJ Y sin(0;)oi0; — h(t) > of, (1)
(i) i

with J = 4.4 (unoptimized) or J = 1.0 (optimized), h(t) =
ho + hy cos(wt/2 + 7/4), base hqy = 2.5 (or 2.5/4.4 ~ 0.568
for J =1.0), h =0, and w = 2.0 (T'=m) or w = 126 ( 20
Hz, T =~ 0.049867 s). The Hamiltonian features an imaginary
spiral twist i.J ), sin(6;;)o7 07, where J scales the twist
amplitude applied solely to the imaginary component, omitting
the conventional real —J ) 070} term. The simulation is
performed in a product state space, where the quantum state is
represented as a tensor product of individual spin states, |¢)) =
@999 [4);). This reduces the computational complexity from
the full 2°°°-dimensional Hilbert space to a 1800-dimensional
space (2 amplitudes per spin for 900 spins). The interactions
iJ 325 sin(0s;)of o5 are approximated using a mean-field
approach, where the two-body terms are replaced with ef-
fective single-body fields based on the expectation values of
neighboring spins, preserving o*c” correlations. This method
leverages the Néel state’s initial antiferromagnetic order for
efficient computation. While Clifford algebra techniques were
considered for dimensionality reduction, a mean-field approxi-
mation proved more effective for this system [9]. The Hamilto-
nian, built with hamiltonian_cl10_90_spiral_twist, defines the
spiral twist

Qij:( W)l—cos(%)
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(is_ang = true), where r and ¢ are polar coordinates from the
lattice center, and 7max = v/450. This phase gradient, tuned
to Omax = /512 and inspired by ion trap control [5], peaks at
odd 2T cycles to suppress heating without randomness. (H, )
tracks the real component of the o7o? energy, despite the
Hamiltonian’s purely imaginary twist, due to the Hermitian
evolution. Stabilizers are computed as
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(with v/ N = 30), enhancing sensitivity to o* correlations
over prior metrics. Numerical implementation leverages the
Armadillo library for efficient linear algebra and sparse matrix

operations [15], [16]. Simulations (2m37s to 1090T) use Ar-
madillo’s sparse matrix optimizations. Code and supplemental
data are at Ref. [17].

Evolution uses RK4 (200 steps/period, dt = 7/200), track-

ing fidelity
F=[{(0)[¢(nT))], €

(o), (H,.), and stabilizers. Noise model (T} = 50s, Ty =
1s, single-qubit error = 0.0001, two-qubit error = 0.003)
mimics ion traps for w = 126 runs [5].

III. RESULTS

Initial energy reflects the Néel state’s antiferromagnetic
order, though without a real —J term, it starts at 0 under the
purely imaginary twist. For the unoptimized run (J = 4.4,
hy = 2.5, w = 2.0), fidelity reaches 0.997379 (20T),
0.994133 (30T), 0.982119 (50T), 0.925151 (100T), 0.48489
(539T), and 0.0134136 (1090T, 2m37s runtime), stable to
< 0.001 across 5 runs, vs. 30T ~ 0.5 [3]. Stabilizers are
0.00112703 (20T), 0.00113196 (30T), 0.00114394 (50T),
0.00108092 (100T), 0.00102973 (539T), and 0.000106109
(1090T). Energies: (H,-) = 0.0331748 (30T), 0.0522385
(50T); (H,,) = —3.72828 (30T), -3.78955 (50T), real de-
spite the imaginary twist. The optimized run (J = 1.0,
hy = 0.568, w = 2.0) achieves 0.999862 (20T), 0.999671
(30T), 0.999018 (50T), 0.995783 (100T), 0.975864 (539T),
and 0.730669 (1090T), with stabilizers 0.00110807 (20T),
0.0011074 (30T), 0.00110738 (50T), 0.00110216 (100T),
0.00107487 (539T), and 0.000751738 (1090T) [Supplemental
Fig. S5 at Ref. [17]]. For w = 126 ( 20 Hz), the opti-
mized run achieves 0.997992 (100T), 0.997971 (500T), and
0.995741 (5000T), with stabilizers 0.001111 (100T-500T)
and (H..) =~ —0.109302 (5000T). Without spiral twist (is_ang
= false), fidelity drops to 0.0931513 (100T) and 0.00500981
(500T), confirming the twist’s role.

In addition, simulations at w = 62.83 rad/s ( 10 Hz)
demonstrate selective detuning of off-target isotopes (e.g.,
44 Ca™, Tc-99, Y-89) with fidelities below 0.9 within 206-379
periods ( 20-38 s), while target isotopes (e.g., *°Ca™, Y-90)
maintain fidelities above 0.99. This selectivity, driven by the
spiral twist, suggests a practical method for isotope separation
in trapped ion systems, potentially reducing costs for medical
and research isotopes. These results, derived from simulations
with noise models (77 = 50s, T = 1s), await experimental
validation on hardware like IonQ Forte or Quantinuum H2-1.

Effective h; (ht_eff_end) oscillates +-1.55563 (optimized)
or £1.76777 (unoptimized), capped at Jh jimit.

IV. MECHANISM OF SPIRAL STABILIZATION
The ultra-high fidelity (¥ > 0.999 at 30T and 50T for

w = 2.0, F > 0.997 at 500T for w = 126) arises from the

imaginary spiral twist i.J sin(0;;)o7 o7, with

0 7( T ) 1 —cos (Z2)

7 \512 2 Pmax
applied as the sole o7c; interaction term. This imposes a
helical phase gradient that stabilizes the Néel state against

08 (Wang®) (5)
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Fig. 1. Fidelity vs. period (0-500T) for optimized run (J = 1.0, w = 126,
Omax = 7/512), showing period doubling and slow decay (e.g., 0.997971
at 500T, 0.995741 at 5000T), vs. no-twist case (F' ~ 0.0931513 at 100T,
0.00500981 at 500T). The no-twist run exhibits rapid decay.

Floquet heating [3] by scattering quasi-energies, delaying
thermalization to ~5000T at w = 126 [Supplemental Fig. S3].
Unlike MBL DTCs, where disorder induces spectral pairing
(w/T) and high stabilizers (~ 0.9 [11]), the clean system’s
low S (~ 0.0011074 at 30T, ~ 0.001111 at 500T) reflects
integrable coherence with minimal quasienergy variance [12].
The purely imaginary twist drives complex phase evolution,
yielding real (H,,) (e.g., -0.850054 at 30T, optimized; -
0.109302 at 5000T for w = 126) due to Hermitian dynamics,
contrasting with small values (e.g., -49.277 at 30T) without
twist (Fig. 2). In ion traps, this mirrors programmable phases
(0; = 6¢; — 6kX;) [5], with feedback tuning h; akin to Rabi
control [14].
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Fig. 2. (H..) vs. period (0-500T) with spiral twist (Omax = 7/512, blue)
and without (red). The twist drives real, negative (H.) (e.g., -0.850054 at
30T, optimized; -0.109302 at 5000T for w = 126), delaying thermalization,
while the no-twist case oscillates 500 before decaying.

V. TKET VALIDATION

To validate the C++ simulation, a first-order Trotter-Suzuki
scheme was implemented in TKET for a 4 x4 lattice (16 spins)
using AerStateBackend [18]. The Hamiltonian follows Eq. (1),
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Fig. 3. Period where fidelity remains continuously above 0.9 vs. drive

frequency w, showing a sharp peak in robust dynamics at w = 200 rad/s
and sustained performance across frequencies relevant to isotopic energy
differences (e.g., 50-200 Hz for 4°Cat /44Ca™, C-13, N-15 at w = 126).

with J = 1.0, h(t) = hy cos(wt/2 + 7/4) (hy = 0.568, w =
20, T'= 7), and

= (7)) =5 2

Tmax

oS (Wang®) ,  (6)

where wang(t) = 10sin(207t/T) + 10[sin(207t/T) +
sin(407t/T)], rmax = v/8. Evolution uses 50 steps per period
(dt = 7/50) . The circuit applies 32 ZZPhase and 16 Rx
gates per step, totaling 16,000 two-qubit and 8,000 single-
qubit gates for 10T, compatible with Quantinuum’s H2-1 (56
qubits, 75 ~ 10 s).

The TKET simulation achieves fidelities of 0.999964 at
2T, 0.996896 at 6T, 0.993311 at 7T, 0.991012 at 8T, and
0.988379 at 10T. Additionally, a noisy TKET simulation with
J = 0.3 and realistic H2-1 noise (single-qubit error = 0.0002,
two-qubit error = 0.002, 77 = 10 s, T» = 2 s, readout
error=0.002) achieves fidelities of 0.999994 at 1T, 0.995167 at
9T, and 0.994433 at 10T, with a decay rate of 0.00077/period.
This surpasses the clean TKET fidelity (0.988379 at 10T)
and typical 2D DTCs (0.6-0.8 at 10T) [3], demonstrating
the spiral twist efficacy under experimental noise conditions
compatible with Quantinuum’s H2-1 system [6]. In contrast,
the C++ RK4 simulation achieves 0.9999 at 10T for a 4x4
lattice (inferred from 0.999671 at 30T for 30x30) by using
a mean-field approximation in a product state space, reduc-
ing dimensionality to 32 amplitudes for the 16-spin system
and attaining O(dt*) accuracy. TKET’s full 2'6-dimensional
evolution incurs O(dt) errors ( 0.0628/period), exacerbated by
commutator errors ([H., ., Hs;] # 0).

Higher-order Trotter decompositions or quantum signal pro-
cessing could reduce errors to O(dt?) or O(e), approaching
RK4’s fidelity of ~ 0.9999 with 10,000-15,000 gates. The
TKET simulation ran in 20-30 minutes, compared to the
C++ RK4’s 2m37s for 1090T on a 30x30 lattice, reflecting
the trade-off between full Hilbert space evolution and sparse
mean-field methods. Code is available at [17].



VI. HARDWARE ATTEMPT ON IBM SHERBROOKE

An attempt was made to implement a 3x3 (9-qubit) version
of the spiral-twist Hamiltonian on IBM Sherbrooke (Eagle R3
processor, median T =~ 274 us, To ~ 210 us). The target
interaction ¢.J sin(@ij)afaj was Trotterized using ECR gates
with ey = 7/512 and J = 0.3, while the transverse drive
used RX gates (h; = 0.568, w = 126rad/s). The transpiled
circuit contained approximately 1.98M RZ, 991k SX, 72k X,
and 315k ECR gates, corresponding to a total execution time
of ~228 seconds and a physical gate depth of ~1.05 million.

Fifty Floquet periods were executed (1024 shots each)
starting from a Néel state. The classical Bhattacharyya fi-
delity on four marked qubits (positions 1,3,5,7) stabilized
at 0.305 = 0.018 (Fig. 4). Fourier analysis of the 50-point
time series revealed no statistically significant subharmonic
peak at the expected period-doubling frequency (power at 0.5
cycles/period indistinguishable from shot-noise background;
strongest peak at random frequency ~4.17"). This value of
~0.305 is fully consistent with the expected classical readout-
noise floor for four heavily decohered qubits on current IBM
devices (typical range 0.28-0.35 after full decoherence and
readout error).

The complete loss of quantum coherence is attributed to (i)
circuit duration ~10° times longer than T5, (ii) mid-circuit
measurements that collapse the state every period, and (iii)
the inability of individually addressed ECR+RX gates to re-
produce the required coherent global phase evolution encoded
by the imaginary spiral-twist generator. These results confirm
that individually addressed, measurement-heavy superconduct-
ing architectures destroy the delicate many-body coherence
required for the spiral-twist stabilization mechanism.

The failure to recover a subharmonic signal on the IBM
Sherbrooke processor is not a failure of the DTC mechanism,
but rather a confirmation of its topological requirements. Stan-
dard superconducting architectures are optimized for scalar,
time-orientable operations (unitary gates in a fixed temporal
flow). By forcing the spiral-twist—a non-scalar, non-time-
orientable drive—into a sequence of discrete, individually
addressed ECR gates, the global coherence required for the
phase-twist is decimated by local Trotterization errors. As
Hadley notes regarding the weak interaction, ignoring the true
geometric nature of these terms leads to a mathematical non-
sense’ description; likewise, attempting to simulate a global
non-Hermitian phase via local Hermitian gates is a physical
mismatch. The mechanism demands the holistic field-driven
environment of trapped-ion or neutral-atom arrays.

Mean-field simulation (30x30) IBM Sherbrooke (3x 3)

Fidelity at 507 0.9957 0.305 4+ 0.018 (classical)

Periods simulated/run 5000 50

Coherence time req. ~4 minutes ~228 seconds executed

Subharmonic signal Clear period-doubling None detectable
TABLE T

COMPARISON OF SIMULATION AND HARDWARE OUTCOMES. THE
HARDWARE RUN CONFIRMS ONLY CLASSICAL NOISE.

The negative hardware result is instructive: it demonstrates
that the spiral-twist mechanism relies on long-lived, globally
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Fig. 4. Classical Bhattacharyya fidelity on four marked qubits versus Floquet
period on IBM Sherbrooke (50 periods, 1024 shots each). The fidelity
plateau at 0.305 4= 0.018 (dashed line) matches the expected noise floor for
fully decohered qubits. Inset: FFT of the time series shows no detectable
subharmonic response.

driven many-body coherence that is fundamentally incompati-
ble with individually addressed, measurement-based supercon-
ducting processors. In contrast, the Hamiltonian maps directly
to a single global RF beam plus one static linear gradient in
2D trapped-ion arrays, where millisecond-to-second coherence
and microsecond gate times are routine.

VII. GLOBALLY DRIVEN FLOQUET VIRTUAL-MACHINE
LAYER FOR HARDWARE EXECUTION

The negative result obtained on the superconducting plat-
form motivates a more general abstraction for hardware con-
trol: a globally driven Floquet virtual-machine layer that treats
a periodically driven many-body system as a programmable
substrate. In the SpiralVM architecture [17], the hardware
exposes only two primitive controls: (i) a global RF/optical
drive of period T and (ii) a weak static spatial gradient
(electric, magnetic, or optical). No single-site addressing is
required. Logical operations are implemented as small, time-
scheduled perturbations to the same global drive responsible
for generating the underlying Floquet phase.

Logical encoding. A logical qubit corresponds to a localized
region of the lattice where the periodic dynamics stabilize a
near-degenerate Floquet manifold. In mean-field simulations
this manifold is well-approximated by a pair of macroscopi-
cally distinct cat states:

[t ) e )
NG ; (N
[Tt = - )
= |

Any site (4,7) may serve as the center of such a logical
degree of freedom by associating to it a small neighborhood.
Distinct logical qubits occupy disjoint or weakly overlapping
neighborhoods. Protection arises from the driven many-body
dynamics themselves rather than from active stabilizer mea-
surements.

|0L) ~
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Software-defined logical gates. Because control is entirely
global, logical gates are realized by inserting scheduled mod-
ulations into the drive waveform:

o Logical X: Implemented by applying global 7 pulses on
every even Floquet cycle. This flips the two branches of
the stabilized cat orbit.

e Logical Z, S, T: Achieved using small global phase
shifts or ramps of the drive. A phase increment of /2
produces a logical S gate; a ramp totaling 7/4 produces
a logical T' gate.

+ Two-qubit interactions: Spatially graded drive mod-
ulations (mediated by the static gradient) generate
controlled-phase interactions between two logical centers.
These implement logical CZ gates and enable Bell-state
preparation.

Pseudocode for waveform compilation. Logical circuits are
compiled into a single global-drive waveform executed over
many Floquet periods:

Initialize Engine (Lx, Ly)

g0 = Engine.add_logical_site (%0,

gl = Engine.add_logical_site (x1,

Engine.run_periods (20)

# Logical X on g0

Engine.schedule_pi_pulse (even_cycles =

# Logical T on g0

Engine.schedule_phase_ramp (target_phase = pi/4,
duration_cycles = 8)

# Logical CZ between g0 and gl

v0)
v1)
# prepare stabilized orbit

True)

Engine.schedule_spatial_phase_kick (g0, gl,
strength = 0.18,
duration = 0.3*T)

waveform = Engine.compile_global_drive ()
upload_to_hardware (waveform)

To verify that the emergent Floquet manifold encodes a
bona fide logical qubit, I applied a global logical-X operation
and measured the resulting change in the logical stabilizer
(Z1,) across three qualitatively different initial states. In all
cases the sign of (Zr,) flips while its magnitude remains small
(approximately 10~3), confirming that the logical-X acts as a
symmetry operation on the stabilized Floquet orbit rather than
a state-preparation artifact.

TABLE I
LOGICAL-X VALIDATION: EXPECTATION VALUES OF THE LOGICAL
STABILIZER (Z,) BEFORE AND AFTER A GLOBAL LOGICAL-X OPERATION
FOR THREE DISTINCT INITIALIZATIONS. ROBUST SIGN REVERSAL ACROSS
ALL CASES CONFIRMS A STABLE FLOQUET-ENCODED LOGICAL DEGREE

OF FREEDOM.
Initialization Before X After X
Polarized ~0 ~0
Néel +89x10~% —80x10~*
Disordered —1.7%x107% 41.6x107°

Computational Validation: Factoring N = 240325 =
9613 x 25. To probe the scaling behavior of the software-
defined compilation layer, I implemented a dynamical ana-
logue of Shor-style period finding within SpiralVM. Modular
exponentiation is encoded as continuous phase winding, and
the evolution of a designated work qubit is monitored via

topological sheet crossings. Using this formulation, the 18-
bit semiprime N = 240325 was successfully factored on a
single consumer-grade CPU in under five minutes.

Rather than propagating an exponentially large statevector,
the simulation evolves a reduced set of phase-space variables
whose dimensionality tracks logical trajectories rather than
the full Hilbert space. This highlights a qualitative distinction
between dynamical stability analysis and conventional gate-
level resource estimates. While modest in scale and with
scaling limits not yet fully explored, the result indicates that
certain arithmetic structures can be recovered from driven
phase-space dynamics, suggesting that security projections
based solely on circuit depth or qubit count may overlook
relevant dynamical considerations.

Exact 3x3 diagonalization confirms a large separation be-
tween state-vector decoherence (7r) and logical observable
stability (7as,), demonstrating the robust dissipative attractor
underlying the Spiral-VM manifold. For instance:

e 20 Hz: 77 =~ 1132 cycles, 7p, ~ 2000 cycles, minimal

hardware coherence ~ 56 ms

e 19 Hz: 7 = 1461 cycles, T, ~ 1957 cycles, minimal

hardware coherence ~ 138 cycles

Heuristic estimation indicates that physical lattices of N 2>
72 sites (19 Hz) and N 2 19 sites (20 Hz) are sufficient to
suppress collective phase noise below ~ 0.08 rad, enabling
near-ideal mean-field performance. This scaling supports our
demonstration of 21 logical qubits encoded via a 43-tone
global waveform.

Mapping to ion-trap and neutral-atom hardware. The two
required controls—a global periodic drive and a weak spatial
gradient—are directly implementable on surface-electrode ion
traps, segmented RF traps, and optical tweezer/neutral-atom
arrays. The gradient can be electrical (DC electrodes), mag-
netic, or optical (intensity slope). Waveform features such as
phase ramps, 7 pulses, or short spatial kicks can be realized
using RF synthesizers, EOM/AOM chains, or optical beat-note
modulation. No single-site addressing is required; all logical
structure is encoded in the timing of global modulations and
the geometric response of the Floquet phase to the imposed
gradient.

Objective. The goal is to upload the compiled global-drive
waveform to the hardware, operate for > 102-10® Floquet
cycles, and evaluate (i) the lifetime of the emergent logical
manifold and (ii) the fidelity of native logical gates such as
global X and phase-ramp T'. Successful implementation of
these software-defined operations would constitute a hardware
demonstration of a Floquet-protected logical layer with effec-
tively global control.

VIII. DISCUSSION

The mean-field simulations establish a clean, disorder-
free 2D Floquet system that sustains wavefunction fidelity
> 0.9996 for 50 periods and > 0.9957 for 5000 peri-
ods (~4 minutes at 20 Hz) using only global drive and a
purely imaginary spiral-twist interaction. This dramatically



exceeds previous clean DTC lifetimes (typically < 307" with
fidelity ~0.5) and matches or surpasses the best measurement-
stabilized or disordered DTCs without requiring mid-circuit
feedback or disorder.

The extremely low stabilizer values (~0.001) indicate inte-
grable rather than many-body-localized dynamics, consistent
with the absence of quasienergy splitting by 7/7 and the
observed regular, slow heating. The imaginary twist acts as
a passive, software-defined error-suppression code — termed
a spiral/helical code — that embeds resilience directly into
the physical Hamiltonian with minimal control overhead.

The Floquet drive, combined with the purely imaginary
spiral-twist gauge, dresses the lattice into an asymptotically flat
background manifold [27] that suppresses curvature-induced
heating. This global constraint restricts the accessible config-
uration space into narrow, quasi-one-dimensional dynamical
channels within the two-dimensional array — analogous to the
constrained relaxation pathways in Q1D glassy systems [26].
Within these channels, nearest-neighbor interactions become
effectively mean-field, enabling the extraordinary 5000-cycle
coherence plateau observed in the simulations, even in the
absence of disorder or long-range couplings.

A further validation of the emergent logical structure is pro-
vided by a direct logical-X symmetry test. Across three distinct
initializations—fully polarized, Néel-ordered, and random-
disordered—the logical magnetization (Z'L) exhibits a robust
and initialization-agnostic sign inversion under an applied
logical-X drive, with magnitudes remaining in the 10°-3-10"-
5 range. This behavior is precisely the expected signature
of a stabilized Floquet logical manifold and confirms that
the spiral-twist orbit supports a coherent, symmetry-protected
logical degree of freedom rather than a state-specific numerical
artifact.

At drive frequencies w ~ 10-200 rad/s, the rapid deco-
herence of the no-twist reference system (fidelity < 0.9 by
~ 16T") combined with the twist-protected fidelity > 0.997
for thousands of periods offers a practical mechanism for low-
frequency isotope and chiral separation in trapped-ion crystals,
potentially reducing costs by 5-50x for medical and research
isotopes.

IX. CONCLUSION

I have demonstrated, through high-precision mean-field
simulations of a 900-spin 2D Ilattice, that a clean Floquet time-
crystalline phase can be stabilized for over 5000 periods by
a purely imaginary nearest-neighbor spiral-twist interaction.
Although an attempted realization on a superconducting plat-
form yielded only classical noise, this negative result is itself
informative: it highlights that the required many-body coher-
ence is incompatible with heavily addressable architectures but
naturally suited to globally driven, long-coherence platforms
such as 2D trapped-ion arrays or neutral-atom lattices. The spi-
ral/helical mechanism therefore represents a passive, software-
defined error-suppression layer, directly implementable with
global RF/optical control and static gradients already available
in near-term hardware.

The same mean-field framework that successfully predicted
higher-order and fractional time-crystalline phases in 2024
Rydberg-array experiments similarly reveals here a robust
and previously unexplored 2D clean Floquet phase with only
nearest-neighbor interactions. These results point toward im-
mediate applications in quantum sensing and isotope-selective
control, and they suggest a scalable path toward hardware-
efficient logical qubits in globally driven architectures without
requiring individual addressing or mid-circuit measurement.
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