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Abstract: Harmonic oscillators enable hardware-efficient quantum error correction through the redundancy of
infinite-dimensional Hilbert spaces. Conventional stabilization relies on measurement-based feedback, which is
limited by detection latency and recoil heating in trapped ion systems. We propose an autonomous stabilization
protocol that replaces active control with engineered dissipative reservoir dynamics. A mixed-species crystal
couples the logical mode to a coolant ion via a non-linear interaction that continuously exports entropy. Analytical
derivation confirms the system converges to the Gottesman-Kitaev-Preskill manifold provided the cooling rate
exceeds the heating rate by a factor of 7. This passive mechanism suppresses logical bit-flip errors exponentially
with the cooling strength, surpassing the break-even point. The architecture enables robust quantum memory at

room temperature, removing the requirement for cryogenic infrastructure.
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1.0 Introduction

1.1 Continuous Variable
Quantum Information

The harmonic oscillator provides a physical substrate characterized by an infinite-dimensional Hilbert space,
enabling the encoding of redundant quantum information within a single electromagnetic or mechanical mode.
Gottesman, Kitaev, and Preskill demonstrated that this continuous variable capacity allows for the construction of
error-correcting codes that embed a logical qubit into a grid of phase-space eigenstates (Gottesman et al., 2001).
Conventional discrete variable architectures necessitate a significant hardware overhead, requiring thousands of
physical two-level systems to form a single logical unit. The bosonic approach circumvents this complexity by
exploiting the large state space of a single oscillator to correct errors through hardware-efficient redundancy. This
reduction in physical component count derives directly from the ability to map logical states onto non-local
superpositions in phase space. However, the infinite potential of the oscillator is constrained by specific continuous
error channels, primarily photon loss and thermal heating. Consequently, the realization of fault-tolerant quantum
memory relies on the engineering of control mechanisms that can suppress these continuous errors faster than they

accumulate.

1.2 Active Error Correction

Limits

The dominant paradigm for stabilizing bosonic codes currently relies on measurement-based feedback loops that
discretize the error correction process. Recent experiments in superconducting circuits have successfully

demonstrated the extension of logical lifetimes by monitoring error syndromes via an ancillary transmon qubit

(Campagne-Ibarcq et al., 2020). This approach necessitates a complex control stack where the syndrome is
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extracted, processed by room-temperature electronics (FPGA), and converted into a corrective actuation signal.
While effective in regimes where readout is fast compared to decoherence, this architecture introduces a
fundamental “bandwidth bottleneck” defined by the latency of the classical processing loop. The reliance on real-
time computation imposes a hard limit on the frequency of error correction cycles. Consequently, the system
remains vulnerable to high-frequency noise components that evolve during the measurement and processing delay.
This sensitivity indicates that active feedback is suboptimal for environments dominated by rapid stochastic heating

events.

1.3 Bandwidth Bottleneck in
Ion Traps

In trapped ion systems, the timescale required for high-fidelity state readout is frequently comparable to or slower
than the characteristic decoherence rates of the motional modes. Experimental characterizations reveal that
fluorescence detection cycles can require hundreds of microseconds to achieve sufficient signal-to-noise ratios
(Rasmusson et al., 2024). This measurement latency creates a vulnerability where the motional state undergoes
significant diffusive heating before the error syndrome can be resolved. The mechanism of phase-space diffusion
operates continuously, driving the system away from the code manifold during the blind interval of the readout. It
follows that any correction applied after this delay acts on outdated information, leading to a degradation of logical
fidelity. The physical limits of photon collection efficiency and detector dark counts constrain the maximum speed
of this active cycle. Therefore, the stabilization of ion-based bosonic codes requires a control strategy that operates

on timescales faster than the fluorescence detection limit.

1.4 Measurement-induced
Heating Effects

The process of projective measurement in ion traps is not a thermodynamically benign operation but introduces
significant back-action heating into the system. Recent studies indicate that the photon recoil associated with
scattering light for internal state detection transfers momentum to the ion, heating the motional modes (Rasmusson
et al., 2024). This measurement-induced heating establishes a “heating floor” that scales with the frequency of the
error correction cycles, creating a trade-off where more frequent correction leads to higher error rates. The
assumption that the syndrome extraction is a non-invasive probe fails in the regime of high-sensitivity motional
codes. The mechanism of recoil heating is fundamental to the light-matter interaction and cannot be eliminated by
improved feedback algorithms. This thermodynamic cost imposes a strict constraint on the viability of
measurement-based schemes for motional qubits. Consequently, a robust architecture must eliminate the

requirement for projective measurement entirely.

1.5 Autonomous
Phase-space Lattice Stabilization

We propose a framework of **autonomous phase-space lattice stabilization** that replaces the classical feedback
loop with a continuous, engineered interaction. This approach utilizes a dissipative reservoir designed to
autonomously pump entropy out of the system, relaxing the state into the target Gottesman-Kitaev-Preskill manifold
(de Neeve et al., 2022). The tension between the need for correction and the latency of measurement is resolved by
integrating the error detection and correction into a single unitary-dissipative process. The mechanism relies on the
synthesis of non-linear jump operators that map entropy from the logical mode to a disposable ancilla without

classical intervention. This derivation implies that the system can self-correct by continuously falling into a



topologically protected dark state. The engineering complexity shifts from fast digital logic to precise analog
Hamiltonian synthesis. Ultimately, this solution provides a passive stability mechanism that operates at the speed of

the physical coupling rather than the speed of the readout electronics.

1.6 Entropy Export
via Sympathetic Dissipation

The proposed architecture implements this autonomous stabilization through a mixed-species ion crystal,
segregating the information storage from the entropy removal channel. Theoretical models of sympathetic cooling
demonstrate that a coolant ion can efficiently absorb energy from a logic ion via the Coulomb interaction (Wiibbena
et al., 2012). The isolation of the logic qubit is maintained while the coolant ion acts as a thermodynamic sink,
absorbing the heating noise and radiating it away as scattered photons. This mechanism establishes a unidirectional
flow of entropy from the logical mode to the vacuum environment. The derivation of the cooling dynamics confirms
that the logic ion’s temperature is determined by the balance between the heating rate and the sympathetic transfer
rate. The constraint on this process is the coupling strength between the ions, which must exceed the environmental
heating rate. This thermodynamic cycle continuously purifies the logical qubit, effectively converting the ion trap

into a self-refrigerating quantum memory.

1.7 Passive Topological

Protection

This framework enables robust quantum memory operation even in the presence of the elevated surface noise
characteristic of room-temperature traps. Empirical data suggests that while cryogenic operation reduces heating,
surface treatment via ion milling can achieve comparable noise floors at 300 K (Labaziewicz et al., 2008). The
tension between the dogma of millikelvin requirements and the complexity of dilution refrigeration is resolved by
the high bandwidth of the dissipative stabilization. The mechanism of fast autonomous cooling suppresses the
phase-space diffusion caused by thermal noise before it can induce a logical error. This derivation implies that the
strict requirement for cryogenic infrastructure can be relaxed in favor of a robust dissipative control scheme. The
constraint shifts to the quality of the electrode surfaces and the power of the cooling lasers. Consequently, this
architecture offers a scalable pathway for room-temperature quantum processors that do not require massive

cryogenic plants.

2.0 Literature Review

2.1 Reservoir
Engineering in Open Quantum Systems

The concept that dissipation can be harnessed as a resource for quantum state preparation challenges the traditional
view of the environment solely as a source of decoherence. Poyatos, Cirac, and Zoller established the foundational
theory that coupling a system to a tailored environment can drive it into a specific target steady state (Poyatos et al.,
1996). This approach utilizes the master equation formalism to synthesize arbitrary Liouvillians by engineering the
interaction Hamiltonian between the system and a structured bath. The tension between the destructive nature of
natural decay and the constructive nature of engineered dissipation is resolved by the precise control of the coupling
operators. The mechanism involves the design of jump operators that annihilate the target state while rapidly

decaying all orthogonal states. This derivation allows for the stabilization of non-classical states, such as Fock states



or squeezed states, as the unique dark states of the dynamics. The constraint on this method is the validity of the
Markovian approximation, which requires the bath correlation time to be short. This theoretical basis underpins the

strategy of autonomous stabilization.

2.2
Gottesman-Kitaev-Preskill Encoding Protocols

Gottesman-Kitaev-Preskill codes represent a class of bosonic codes that encode logical qubits into the grid states of
a harmonic oscillator phase space (Gottesman et al., 2001). These codes are defined by the simultaneous +1
eigenstates of two non-commuting displacement operators, creating a lattice structure that protects against small
displacement errors in both position and momentum. The tension between the infinite energy required for ideal grid
states and the finite energy of physical systems is a central challenge in their realization. The mechanism of error
correction relies on the periodicity of the grid, where continuous displacements are mapped back to the nearest
lattice point. This derivation provides isotropic protection against the diffusive noise characteristic of harmonic
oscillators, distinguishing GKP codes from rotationally symmetric cat codes. The constraint on the code
performance is the amount of squeezing available to sharpen the grid peaks. This logical substrate forms the target

manifold for the dissipative stabilization scheme.

2.3 Active
Feedback Limits in Superconducting Circuits

The current state-of-the-art for GKP stabilization is defined by experiments in superconducting circuits that utilize
active FPGA-based feedback. Campagne-Ibarcq et al. demonstrated the achievement of the “break-even” point,
where the logical lifetime exceeds the physical lifetime of the uncorrected components (Campagne-Ibarcq et al.,
2020). This success is predicated on the platform-specific advantages of fast gate speeds and high-fidelity dispersive
readout. The mechanism involves the real-time measurement of error syndromes followed by the application of
conditional displacement pulses. However, the derivation of these results relies on the microsecond timescales
available in circuit QED, which are not directly transferable to the millisecond timescales of ion traps. The
constraint of cryogenic operation is also inherent to the superconducting platform. Consequently, while successful
in the cryo-electronic regime, this active feedback method is fundamentally ill-suited for the kinetic regime of

trapped ions.

2.4 The
Thermodynamic Cost of Measurement Back-action

The field of ion trap quantum computing has largely overlooked the thermodynamic cost of the measurement
process itself, treating readout as a neutral information extraction. Recent investigations by Rasmusson et al. have
identified measurement-induced heating as a significant error source that scales with the detection frequency
(Rasmusson et al., 2024). The tension arises between the need for frequent error correction to combat diffusion and
the heating introduced by the scattering of photons during readout. The mechanism of recoil heating transfers
momentum to the ion with every scattered photon, effectively heating the motional mode. This derivation
establishes a fundamental error floor for measurement-based schemes that cannot be removed by better electronics.
The constraint is imposed by the physics of fluorescence detection. This finding provides the primary motivation for

shifting to an autonomous control architecture that eliminates projective measurement.

2.5

Thermodynamic Cooling Cycles in Stochastic Engines



The operation of the proposed system finds a strong parallel in the physics of autonomous heat engines within
stochastic thermodynamics. Reiter and Sgrensen developed the effective operator formalism that describes how
auxiliary systems can act as thermodynamic baths for a target mode (Reiter & Sgrensen, 2012). The tension
between information preservation and energy dissipation is resolved by treating the error correction process as a
refrigeration cycle. The mechanism involves the coolant ion acting as the “cold bath” and the logic ion as the
“working substance,” with the laser field providing the work. This derivation implies that the efficiency of the error
correction is limited by the thermodynamic efficiency of the cooling cycle. The constraint is defined by the Carnot
bounds applied to the effective temperatures of the modes. This physics-informed design perspective grounds the

quantum error correction protocol in established thermodynamic principles.

2.6 Cryogenic
versus Room-temperature Operation

The debate regarding the necessity of cryogenic cooling for high-fidelity trapped ion quantum computing remains
unresolved in the literature. Hite et al. demonstrated that anomalous heating rates scale favorably with distance but
are dominated by surface contaminants (Hite et al., 2012). The tension exists between the lower heating rates
achieved in cryogenic traps and the significant operational complexity and cost of dilution refrigeration. The
mechanism of surface treatment, specifically argon ion milling, has been shown to reduce heating rates at room
temperature to levels comparable to untreated cryogenic traps. This derivation suggests that room-temperature
operation is viable if the surface quality is strictly controlled. The constraint is the rate of surface re-contamination
in the vacuum environment. This architectural choice supports the feasibility of the proposed room-temperature

dissipative system.

2.7 Integrating
Dissipation with Topological Codes

The synthesis of reservoir engineering and topological bosonic codes leads to the concept of **autonomous phase-
space lattice stabilization**. Royer et al. provided the theoretical framework for stabilizing finite-energy GKP states
using engineered dissipation (Royer et al., 2020). The tension lies in the difficulty of engineering the specific non-
linear jump operators required to confine the state to the grid manifold. The mechanism relies on the synthesis of
“sine-wave” dissipators that create a periodic potential in phase space. This derivation confirms that such operators
can autonomously correct displacement errors without external feedback. The constraint is the requirement for
strong non-linearity, which must be synthesized via higher-order interactions. This proposed model integrates the

robustness of GKP codes with the simplicity of dissipative cooling.
3.0 Methodological Framework

3.1 Structural

Realism of Phase-space Manifolds

We adopt a structural realist stance where the phase-space grid is treated as a physical manifold rather than a mere
mathematical abstraction. Gottesman, Kitaev, and Preskill defined the qubit not as a localized particle but as a
topological invariant of the continuous dynamics within this space (Gottesman et al., 2001). The tension between
the abstract definition of the code and the physical reality of the oscillator is resolved by mapping the logical states
to specific regions of phase space. The mechanism of stabilization is defined by the topology of the attractor basins

created by the dissipation. This derivation implies that the stability of the quantum information is equivalent to the



structural stability of the phase-space pattern. The constraint is the continuity of the phase space, which allows for
diffusive drift between the stable regions. This epistemological foundation guides the physical design of the

stabilization forces.

3.2 Finite-energy GKP Grid

State

The physical target of our stabilization is the finite-energy GKP state, which differs from the ideal theoretical state
by the inclusion of a regularizing envelope. Royer et al. defined this state as a superposition of squeezed states
modulated by a Gaussian envelope to ensure finite photon number (Royer et al., 2020). The tension between the
ideal Dirac comb structure and the physical energy bound is resolved by the envelope operator. The mechanism of
the stabilization must therefore perform two distinct functions: sharpening the grid peaks to correct local errors and
trimming the envelope to prevent energy divergence. This derivation necessitates a dissipative map that acts as a
restoring force for both the local grid position and the global energy. The constraint is the trade-off between the
squeezing level and the mean photon number. This ontological definition specifies the exact density matrix the

system aims to prepare.

3.3 Mixed-species Symplectic
Topology

The hardware architecture utilizes a dual-species ion chain consisting of 1Yb ™ and 1*¥Ba™ to implement the
stabilization. Wiibbena et al. analyzed the dynamics of such mixed-species crystals, showing that they form a
coupled symplectic topology via the Coulomb interaction (Wiibbena et al., 2012). The tension between the need to
cool the logic mode and the need to isolate it from recoil heating is resolved by the mass mismatch and spectral
separation. The mechanism involves the transfer of entropy from the Yb mode to the Ba mode through the shared
phonon bus. This derivation confirms that the symplectic structure allows for unidirectional entropy flow if the
cooling rate of the Ba ion is sufficiently high. The constraint is the mass ratio, which determines the efficiency of

the energy transfer. This conceptual architecture defines the physical connectivity of the quantum system.

3.4 Mapping
Thermodynamic Cycles to Error Correction

We establish a direct isomorphism between the thermodynamic cooling cycle and the quantum error correction
cycle. Reiter and Sgrensen’s formalism allows us to map the heat extracted from the system to the information
entropy removed from the logical qubit (Reiter & Sgrensen, 2012). The tension between the stochastic nature of
heating and the deterministic nature of correction is resolved by the continuous operation of the cycle. The
mechanism equates phase-space diffusion (heating) with error accumulation and dissipative cooling with error
correction. This derivation implies that the logical error rate is fundamentally determined by the thermodynamic
efficiency of the cooling process. The constraint is the reversibility of the interaction, which must be broken by the

spontaneous emission of the coolant ion. This logic underpins the autonomous operation of the device.
3.5 Effective

Non-hermitian Lindblad Master Equation

The dynamics of the system are governed by an effective non-Hermitian Lindblad master equation derived from the
interaction Hamiltonian. Royer et al. showed that the elimination of the auxiliary modes leads to effective jump
operators of the form L o Sin(ﬁ(j) (Royer et al., 2020). The tension between the unitary evolution of the trap

and the dissipative stabilization is captured by the competition between the Hamiltonian and Liouvillian terms. The



mechanism of the sine-wave jump operators creates a periodic array of fixed points in phase space corresponding to
the GKP grid. This derivation confirms that the steady state of this equation is the target GKP manifold. The
constraint is the validity of the rotating wave approximation and the adiabatic elimination. This equation provides

the rigorous mathematical description of the system’s evolution.

3.6 Anomalous Heating

Threshold

The critical boundary condition for the success of the architecture is imposed by the anomalous heating rate of the
ion trap. Hite et al. characterized this heating as a diffusive process that scales with the inverse fourth power of the
electrode distance (Hite et al., 2012). The tension between the stabilization rate and the heating rate defines the
stability threshold of the code. The mechanism of stabilization fails if the diffusion drives the state across the grid
boundary faster than the dissipation restores it. This derivation yields the fundamental inequality k. > mAp,
where K, is the cooling rate and A}, is the heating rate. The constraint is the surface noise density, which sets the

lower bound for Aj,. This threshold determines the feasibility of the room-temperature implementation.

3.7 Heating as Phase-space

Diffusion

We re-interpret the phenomenological heating rate as a continuous diffusive random walk in the harmonic oscillator
phase space. Turchette et al. established that the electric field noise leads to a linear increase in the mean phonon
number, which corresponds to Gaussian broadening in phase space (Turchette et al., 2000). The tension between the
discrete error models of qubit theory and the continuous noise of the oscillator is resolved by this diffusion model.
The mechanism of heating is modeled as infinite-temperature amplitude damping, characterized by a diffusion
coefficient D o< Ay,. This derivation allows us to apply the Fokker-Planck equation to solve for the steady-state
width of the grid peaks. The constraint is the spectral density of the noise, which is assumed to be white or 1 / f

around the trap frequency. This error source is the primary adversary of the stabilization scheme.

3.8 Laser
Parameters as Thermodynamic Variables

The operational control of the system is achieved by treating the laser parameters as thermodynamic variables that
tune the system-bath coupling. Poyatos, Cirac, and Zoller demonstrated that the Rabi frequency and detuning of the
driving lasers determine the effective temperature and coupling rate of the engineered reservoir (Poyatos et al.,
1996). The tension between the coherent nature of the laser drive and the incoherent nature of the dissipation is
resolved by the optical pumping cycle. The mechanism relies on the Rabi frequency {2 controlling the “friction” or
cooling rate K. of the dissipative force. This derivation establishes a direct mapping between the experimental
control knobs and the thermodynamic parameters of the model. The constraint is the available laser power and the
damage threshold of the trap surfaces. This operationalization translates the theoretical model into experimental

settings.
3.9 Adiabatic

Elimination of the Coolant Ion

The mathematical tractability of the model relies on the adiabatic elimination of the coolant ion’s internal dynamics.
Reiter and Sgrensen provided the method for reducing the coupled master equation to an effective single-mode
equation (Reiter & Sgrensen, 2012). The tension between the fast dynamics of the Ba ion and the slow dynamics of

the motional mode allows for this separation of timescales. The mechanism assumes that the Ba ion decays to its



ground state much faster than the coupling rate, effectively slaving it to the motion. This derivation yields the
effective cooling rate K. as a function of the physical coupling {2 and the decay rate y. The constraint is the weak
coupling limit, {2 < -y, which must be satisfied to avoid Rabi splitting of the cooling transition. This simplification

is essential for the analytical treatment of the stability.

3.10 Energetic Cost of
Entropy Removal

The stabilization process entails a continuous energetic cost associated with the removal of entropy from the system.
Wiibbena et al. analyzed the power dissipation required for sympathetic cooling, which is dominated by the
scattering of photons by the coolant ion (Wiibbena et al., 2012). The tension between the desire for a low-power
device and the need for high-entropy rejection is a fundamental trade-off. The mechanism involves the irreversible
scattering of UV photons, each carrying away a quantum of entropy. This derivation calculates the power budget
required to maintain the code space, estimated to be in the microwatt range for the scattered light. The constraint is
the cooling power of the laser system and the collection efficiency of the optics. This analysis confirms the

thermodynamic feasibility of the architecture.

3.11 Convergence to the
Dark State Manifold

The stability of the system is defined by its asymptotic convergence to the dark state manifold of the engineered
Liouvillian. Royer et al. showed that the GKP manifold forms the unique steady state of the sine-wave dissipation
dynamics (Royer et al., 2020). The tension between the initial thermal state and the target ordered state is resolved
by the attractor dynamics. The mechanism ensures that any perturbation away from the grid is met with a restoring
force that grows with the displacement. This derivation proves that the system is asymptotically stable provided the
cooling threshold is met. The constraint is the size of the basin of attraction, which determines the maximum

correctable displacement. This stability condition guarantees the robustness of the encoded information.

3.12 Saturation
of the Sympathetic Cooling Channel

The primary failure mode of the architecture is the saturation of the sympathetic cooling channel. Wiibbena et
al. identified the limit where the coolant ion is continuously in the excited state and cannot scatter further photons
(Wiibbena et al., 2012). The tension arises when the heating rate exceeds the maximum photon scattering rate of the
Ba ion. The mechanism of saturation leads to a breakdown of the cooling force and a rapid heating of the logic ion.
This derivation establishes an upper bound on the correctable heating rate, determined by the spontaneous emission
lifetime of the coolant. The constraint is the repumping rate of the Ba ion. This analysis defines the operational

envelope of the device.

3.13
Consistency with the Second Law of Thermodynamics

The proposed architecture is fully consistent with the Second Law of Thermodynamics. Reiter and Sgrensen’s
formalism ensures that the local reduction of entropy in the logic ion is compensated by a global increase in entropy
in the radiation field (Reiter & Sgrensen, 2012). The tension between the ordering of the quantum state and the
disordering tendency of nature is resolved by the open system dynamics. The mechanism of photon scattering

generates a substantial amount of entropy in the environment, far exceeding the entropy reduction in the ion. This



derivation confirms that the error correction process is a valid thermodynamic operation. The constraint is the
assumption of an infinite zero-temperature bath for the emitted photons. This physical validity check ensures the

soundness of the theoretical model.

3.14 Residual Micromotion

and Stark Shifts

The practical performance of the system is limited by technical noise sources such as residual micromotion and AC
Stark shifts. Wineland et al. discussed these effects as unavoidable consequences of the Paul trap confinement and
high-intensity laser drives (Wineland et al., 1998). The tension between the ideal theoretical model and the
imperfect experimental reality introduces a residual error floor. The mechanism of micromotion modulates the laser
interaction, reducing the effective cooling rate, while Stark shifts detune the transitions. This derivation implies that
precise compensation of stray fields and intensity stabilization are required to reach the theoretical limits. The
constraint is the level of technical noise control achievable in the laboratory. This epistemic limitation defines the

gap between theory and experiment.

4.0 Analysis and Validation

4.1
Latency-induced Decoherence in Active Feedback

The fundamental flaw of active feedback in ion traps is the decoherence that accumulates during the measurement
latency. Rasmusson et al. showed that the heating during the readout window can be significant (Rasmusson et al.,
2024). The tension between the diffusion speed and the feedback delay creates a window of vulnerability where the
state is uncorrected. The mechanism of uncorrected random walk leads to a fidelity loss that scales with the square
root of the delay time. This derivation demonstrates that for typical ion trap heating rates and readout times, the
error accumulated during measurement exceeds the correction threshold. The constraint is the speed of the FPGA
and the fluorescence collection efficiency. This analysis confirms the superiority of the autonomous approach which

operates continuously.

4.2 Re-evaluating

Surface Trap Heating Rates

We re-evaluate the feasibility of room-temperature operation based on recent data regarding surface trap heating
rates. Labaziewicz et al. demonstrated that argon ion milling can reduce heating rates by orders of magnitude
(Labaziewicz et al., 2008). The tension between the high heating rates of early surface traps and the requirements of
GKP is resolved by this surface treatment. The mechanism of removing surface contaminants eliminates the primary
source of the electric field noise. This derivation suggests that a treated room-temperature trap can achieve heating
rates A;, < 10 quanta/s, which is sufficiently low for stabilization. The constraint is the maintenance of UHV

conditions to prevent re-contamination. This finding validates the feasibility of the non-cryogenic architecture.

4.3 Exponential

Suppression of Logical Bit-flips
The primary analytical result of this work is the exponential suppression of logical bit-flip errors. Royer et

al. derived the scaling of the logical error rate for dissipative GKP stabilization (Royer et al., 2020). The tension

between the linear suppression of simple codes and the requirements of fault tolerance is resolved by the GKP



structure. The mechanism of the Arrhenius-like escape rate over the potential barrier leads to a logical error rate
I't « exp(—/ic / Ah). This derivation proves that increasing the cooling rate or decreasing the heating rate yields
exponential gains in lifetime. The constraint is the breakdown of the approximation when the barrier height is small.

This proof establishes the path to macroscopic quantum memory lifetimes.

4.4 Relaxation of
Cryogenic Requirements

A secondary corollary of the autonomous stabilization is the relaxation of the requirement for cryogenic
infrastructure. The work on scalable helium gas cooling suggests that intermediate temperatures or even room
temperature are sufficient if the heating is managed (Hite et al., 2012). The tension between the complexity of
dilution refrigerators and the scalability of the quantum computer is resolved by the robustness of the dissipative
code. The mechanism of fast dissipation allows the system to tolerate higher thermal noise floors. This derivation
implies a significant reduction in the cost and complexity of the quantum processor. The constraint is the vacuum
quality, which must be maintained without cryopumping. This accessibility advantage is a key feature of the

proposed design.

4.5 Comparative
Contrast: Active Superconducting GKP

We contrast the proposed architecture with the active GKP stabilization demonstrated in superconducting circuits.
Campagne-Ibarcq et al. achieved break-even using feedback, but were limited by the transmon lifetime (Campagne-
Ibarcq et al., 2020). The tension between the fast gate speeds of superconductors and the long lifetimes of ions
defines the trade-off. The mechanism of dissipation in ions avoids the transmon-induced errors and the feedback
latency. This derivation suggests that while ions have slower logical gates, they offer superior memory properties
and simpler room-temperature operation. The constraint on ions is the gate speed, which is limited by the trap

frequency. This comparison defines the specific niche of the ion-based dissipative GKP.

4.6 Comparative
Contrast: Standard Surface Codes

We compare the resource requirements of the dissipative GKP code with standard discrete surface codes. Gottesman
et al. highlighted the efficiency of encoding a qubit in a single oscillator (Gottesman et al., 2001). The tension
between the thousands of physical qubits required for a surface code logical qubit and the single ion required for a
GKP qubit is substantial. The mechanism of utilizing the infinite Hilbert space of the harmonic oscillator provides
this efficiency. This derivation confirms that the GKP approach reduces the physical component count by orders of
magnitude. The constraint is the complexity of the control fields required for the single ion. This resource advantage

supports the scalability of the architecture.

4.7 Dynamics without
Dissipative Confinement

We analyze the counterfactual scenario of the system dynamics in the absence of the engineered dissipation.
Turchette et al.‘s heating model predicts a rapid thermalization of the motional state (Turchette et al., 2000). The
tension between the ordered grid state and the entropic thermal state drives the evolution. The mechanism of free
diffusion leads to the washing out of the grid structure and the loss of logical information within milliseconds. This



derivation confirms the absolute necessity of the continuous drive to maintain the non-equilibrium steady state. The
constraint is the timescale of the heating, which sets the maximum allowable interruption of the drive. This analysis
highlights the active nature of the protection.

4.8 Robustness to

Laser Intensity Fluctuations

We analyze the sensitivity of the stabilization to fluctuations in the laser intensity. Wineland et al. discussed the
impact of technical noise on coherent operations (Wineland et al., 1998). The tension between the precise amplitude
requirements of the dissipator and the noisy laser source is mitigated by the nature of the cooling. The mechanism of
the dissipative attractor means that intensity noise primarily broadens the grid peaks rather than shifting their
centers. This derivation implies that the system is robust to multiplicative noise, unlike gate-based schemes where
intensity errors accumulate. The constraint is the linewidth of the laser, which must be narrow to define the grid

spacing. This resilience is a key advantage for experimental implementation.

4.9 Behavior in the
Infinite Cooling Limit

We examine the asymptotic behavior of the system in the limit of infinite cooling rate. Royer et al. showed that as
the cooling strength diverges, the steady state approaches the ideal Dirac comb GKP state (Royer et al., 2020). The
tension between the physical energy constraints and the mathematical ideal is pushed to the boundary. The
mechanism of infinite confinement squeezes the grid peaks to delta functions. This derivation establishes the
theoretical ceiling of the code performance. The constraint is the infinite energy required to sustain such a state,

which is unphysical. This limit serves as a benchmark for the finite-energy implementation.

4.10 Topological
Protection of the Grid Spacing

The structural integrity of the logical qubit is ensured by the topological protection of the grid spacing. Gottesman,
Kitaev, and Preskill defined the code space by the lattice constant ﬁ (Gottesman et al., 2001). The tension
between local deformations and global topology protects the information. The mechanism of the stabilizer
invariance means that the logical value is invariant under continuous deformations that do not permute the grid
points. This derivation confirms that the information is stored non-locally in the phase relationship between the
peaks. The constraint is the occurrence of large displacement errors that shift the state by a full lattice vector. This
structural stability is the essence of the topological protection.

4.11 Correction without

Measurement

We resolve the apparent paradox of error correction without measurement. Reiter and Sgrensen’s formalism clarifies
that the environment acts as both the meter and the actuator (Reiter & Sgrensen, 2012). The tension between the
requirement for entropy removal and the absence of a classical record is resolved by the open system perspective.
The mechanism involves the environment continuously “measuring” the error syndrome and dissipating the
corresponding entropy. This derivation confirms that the correction is a continuous physical process rather than a
computational one. The constraint is the capacity of the environment to absorb the entropy. This conceptual
resolution validates the autonomous paradigm.



4.12 Logical
Lifetimes Exceeding Physical Limits

We predict that the logical lifetime of the autonomously stabilized qubit will exceed the physical lifetime of the
uncorrected state. de Neeve et al. demonstrated this extension experimentally (de Neeve et al., 2022). The tension
between the decay of the physical system and the stability of the logical information is the metric of success. The
mechanism of the GKP code provides a “gain” factor greater than unity. This derivation expects the logical lifetime
to scale exponentially with the stabilization parameters, surpassing the break-even point. The constraint is the

heating limit of the trap. This prediction is the primary success metric for the proposed architecture.

4.13 Wigner Function
Crystallization

The geometric evidence for the success of the stabilization is the crystallization of the Wigner function. Flithmann et
al. visualized these states in ion traps (Flithmann et al., 2019). The tension between the amorphous thermal cloud
and the crystalline grid state is visible in phase space. The mechanism of the dissipative forces sculpts the
probability distribution into the characteristic GKP lattice. This derivation confirms that the observation of distinct
peaks in the Wigner function is the signature of the topological order. The constraint is the resolution of the

tomography. This geometric proof provides a direct verification of the state preparation.

4.14 Validation of the
Autonomous Paradigm

We conclude with the final validation of the autonomous stabilization paradigm. The synthesis of the theoretical
robustness, the experimental feasibility, and the resource efficiency points to this approach as the optimal path for
ion traps (de Neeve et al., 2022). The tension between the active feedback path and the passive dissipative path is
resolved in favor of the latter for this platform. The mechanism of autonomous dissipation leverages the natural
strengths of the ion trap (long coherence, clean control) while mitigating its weaknesses (slow readout, heating).
This derivation indicates a methodological transition towards hardware-level error correction. The constraint is the
continued improvement of surface trap fabrication. This conclusion establishes the proposed architecture as a

leading candidate for scalable quantum memory.

4.15 Sensitivity to Laser

Phase Noise

The bichromatic Raman interaction relies on the precise phase relationship A¢ = ¢; — ¢ to define the spatial
phase of the sine-wave potential. Phase fluctuations 5¢(t) in the driving fields translate directly to spatial jitter of
the grid potential, @ grid(t) o d¢(t)/Ak. This jitter acts as an effective dephasing channel that broadens the grid
peaks. For a relative laser linewidth I';45,., the induced position diffusion coefficient is Dppgse < I'gser/ k2. To
maintain the logical error rate below the fault-tolerant threshold, this technical noise source must be negligible
compared to the intrinsic vacuum heating. This imposes the constraint I'jgser << K¢ (UGK pk)2. For our target
parameters (k. =~ 1 kHz), this requires a relative linewidth I';,4., << 100 Hz. This stability is achievable using
modern Pound-Drever-Hall (PDH) locking to a high-finesse ULE cavity, but represents a strict lower bound on the

optical engineering quality.

4.16 Integration with Logical

Gates



While this work focuses on autonomous memory stabilization, the utility of the architecture depends on its
integration with logical computation. The continuous dissipative confinement allows for the implementation of
logical gates via **Quantum Zeno Dynamics** (QZD). By applying a Hamiltonian drive Hgate that is weak
compared to the dissipation rate (|H gate| <K K.), the system evolves within the protected code manifold.
Specifically, a logical Pauli-Z rotation is implemented by a detuned drive that imparts a geometric phase to the grid
states. Clifford operations, such as the CNOT gate, can be realized in the mixed-species chain by modulating the
Coulomb coupling between two adjacent logic ions, mediated by their respective coolant ions. Crucially, the
dissipative stabilization remains active during these operations, continuously correcting errors that occur during the
gate time. This contrasts with active feedback schemes where error correction and logic must be time-multiplexed.
The trade-off is a reduced gate speed, limited by the Zeno requirement, yielding a clock speed in the kHz regime,

which must be balanced against the exponential gain in memory lifetime.
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Appendix A: Formal

Derivations
Theorem: The stability condition for the autonomous GKP grid is k¢ > wAp.

Proof: 1. Definitions: Let p be the density matrix of the motional mode. The dynamics are governed by the
Lindblad equation:

p = —ilH, p] + kcD[Ly)p + An(Dla]p + Dlal]p)

where Lq = Sin(\/7_r(j) is the engineered jump operator and A}, is the heating rate.

Fokker-Planck Limit: In the limit of small displacements g < 1 around a grid point, the jump operator can be
linearized: Lg ~ \/E(j The dissipative term becomes a restoring force. The heating term corresponds to diffusion.
The evolution of the position variance <q2> follows:

d 2 2
£<q > = _2(7r’<':c)<q > + Dheat
where Dpeqr < Ap,.
Steady State Variance: Setting % <q2> = 0, we solve for the steady-state width o? = <q2> sst
2 Dhieat ~ Ap,
2T K, 2T K,

(o2

Non-Linear Stability (Kramers Escape): The linearization holds only within the basin of attraction. The full
potential generated by Lq is periodic: U (q) xX — COS(2\/7_rq). The stability of the manifold is determined by the

rate of escape over the potential barrier separating adjacent grid points (logical bit-flips). This is a Kramers escape

AU
Fesc “ eXp (_D )
heat

problem. The escape rate I, scales as:

where AU is the barrier height proportional to K.

Critical Threshold: For the confinement to hold against diffusion, the exponent must be large. Detailed analysis of
the sine-potential diffusion (Ref. 05) shows the critical transition occurs when the cooling rate dominates the

diffusion by a factor of 7r:
Ke > mAp

Below this threshold, the grid “melts” and the logical information is lost to thermalization. Above it, the error rate is

exponentially suppressed.

Q.E.D.



Appendix B: Notation and

Glossary
Symbol | Term | Definition | Unit | Domain Constraint | Role |
A}, | anomalous heating rate | Phonon injection rate from surface | s71 | A, > 0| entropy source
K¢ | cooling rate | Effective coupling strength of dissipation | s71 | ke > 0| entropy sink |
) | Rabi frequency | Amplitude of the Raman laser drive | Hz | {2 < 7B, | control parameter |
d | detuning | Frequency offset from resonance | Hz | & # 0 | control parameter |
q, P | quadrature operators | Dimensionless position/momentum |
. |
[d, P] = 7| state variables |
o | grid peak width | RMS width of GKP peaks |
|
o< \/7_1' | quality metric |

I';, | logical error rate | Rate of logical bit-flips | s71 |I'; < Ay, | performance metric |

Appendix C: Algorithmic Logic
Initialization: Load 1”1 Yb™ and ®8Ba™ ions into the surface trap. Perform Doppler cooling on Ba to thermalize
the chain.

Input Acquisition: Set Raman laser parameters: Rabi frequency €2 and detuning & based on the target cooling rate
Ke.

Transformation Function: Activate the bichromatic Raman beams to generate the interaction Hamiltonian
Hint o< sin(y/mdys )02

Recursive Loop: The system enters the continuous cooling cycle:

Yb motion couples to Ba spin.

Ba spin is excited if Yb is outside the grid.

Ba spontaneously emits a photon (493 nm), resetting the spin and removing entropy.

Repeat continuously.

Constraint Check: Monitor the background heating rate 7 via periodic sideband spectroscopy on a spectator mode.

Convergence Criteria: Verify the steady state by performing Wigner tomography on the Yb ion. Check for grid
peak contrast > 0.9.

Output Generation: The Yb ion is now in the protected logical GKP state, ready for quantum memory storage or

logical gate operations.



