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Abstract

Topological quantum computing promises robust qubit protection against local noise and
disorder, yet most implementations rely on rare material properties or fragile purity conditions.
Here, we present a scalable architecture based on modular engineered Kondo lattices, where
topological zero modes emerge through many-body correlation pumping. By tiling thousands
of one-dimensional Kondo chains into a two-dimensional network and synchronizing their
topological invariants, we demonstrate a pathway to generate over 8,000 stable qubits. This
framework tolerates significant disorder, leverages ubiquitous magnetic interactions, and
integrates tensor network simulations for predictive modeling. The result is a robust, fault-
tolerant quantum platform that relaxes purity constraints and enables industrial-scale quantum
processing. This work establishes a practical and scalable route to fault-tolerant quantum
computing using experimentally accessible materials. Unlike conventional topological
platforms, our architecture combines intrinsic disorder resilience, modular extensibility, and
ultra-low error rates via hybrid LDPC encoding. These results bridge condensed matter physics
and quantum information theory, offering a viable foundation for hybrid quantum processors
and large-scale quantum memory.
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Introduction

Quantum computing holds the promise of solving classically intractable problems in fields
ranging from quantum chemistry and materials design to cryptography and optimization [1-3].
However, the realization of large-scale quantum processors is fundamentally constrained by
the fragility of quantum information. Decoherence, gate errors, and environmental noise
rapidly degrade quantum states, necessitating robust fault-tolerant architectures [4—6].

Among existing strategies, topological quantum computing has emerged as a compelling
approach due to its intrinsic resilience to local perturbations. In these systems, quantum
information is encoded in global topological properties of the many-body wave function,
rendering it immune to local noise. Notable platforms include Majorana zero modes in spin-
orbit coupled superconductors [7], fractional quantum Hall states [8], and topological color
codes [9]. While theoretically elegant, these systems often rely on rare material properties,
ultra-low temperatures, and atomic-scale purity—conditions that are difficult to achieve and
scale in practice.

The surface code, widely regarded as the leading error-correcting framework, offers high
thresholds and locality [10,11]. Yet it suffers from severe resource overhead: thousands of

VOL 56 : ISSUE 11 - 2025 PAGE NO: 247



JZU NATURAL SCIENCE || ISSN : 1671-6841 https://naturalscience.fyi/

physical qubits are required to encode a single logical qubit, even under optimistic noise
assumptions [12]. Moreover, surface codes are not tailored to exploit structured noise or
leakage, which are prevalent in leading hardware platforms such as silicon spin qubits [13—15].
Recent efforts to adapt surface codes to biased noise—such as the XZZX variant [16]—have
improved thresholds but still neglect leakage and finite-size effects. Similarly, quantum LDPC
codes offer reduced overhead [17—19], but most constructions assume idealized noise models
and infinite code sizes, limiting their near-term applicability.
In parallel, topological zero modes have been proposed in engineered Kondo lattices, where
many-body electron-spin correlations give rise to emergent topological phases [20]. These
models leverage ubiquitous magnetic interactions rather than rare spin-orbit coupling,
broadening the material palette to include common magnetic insulators and heterostructures.
However, prior studies have focused on isolated 1D chains and idealized purity conditions,
leaving open questions about scalability, disorder tolerance, and integration with error
correction.
In this work, we address these limitations by developing a scalable quantum architecture based
on modular engineered Kondo lattices and hierarchical correlation pumping. Each module
consists of a one-dimensional Kondo chain, where topological zero modes are generated at the
edges via many-body pumping of the correlation matrix. These modes are protected by a
topological invariant computed directly from the many-body wave function, enabling robust
qubit formation even in the presence of 10-20% disorder. By tiling thousands of such chains
into a two-dimensional network and synchronizing their pumping cycles, we demonstrate a
pathway to generate over 8,000 stable qubits.
Our framework overcomes key drawbacks of previous approaches:
o Purity dependence: Unlike Majorana or surface-code systems that require atomic-
scale purity, our model tolerates significant disorder through topological protection.
o Noise structure: We incorporate realistic noise models, including biased dephasing and
leakage, which are common in silicon and magnetic platforms.
o Finite-size scalability: Using tensor network simulations (DMRG, TTN), we validate
stability across thousands of modules, bridging the gap between theory and experiment.
e Error correction integration: We propose a hybrid topological LDPC layer that
encodes logical qubits across zero-mode clusters, reducing overhead and enhancing
fault tolerance.
Together, these innovations establish a practical and scalable route to fault-tolerant quantum
computing, grounded in experimentally accessible materials and robust many-body physics.

Methodology
1. Modular Kondo Chain Construction

Each module in the proposed architecture consists of a one-dimensional Kondo chain of L =
100sites, modeled using the periodic Anderson Hamiltonian:

H=-t Z CLTUC]'U-F]Z Si © S +Vzn”ni¢
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t: nearest-neighbor hopping amplitude (set to 1.0 as energy unit)

e J: Kondo coupling between localized spins S;and conduction electron spins s;
e V: on-site Coulomb repulsion

o Disorder is introduced via Gaussian fluctuations in Jand site energies, with standard
deviation g; = 0.2

Each chain is initialized with open boundary conditions to allow for edge-localized zero modes.
2. Correlation Matrix Pumping and Topological Invariant
To identify topological zero modes, we compute the winding number Yvia adiabatic correlation
pumping:
9= ! $ do Tr(C, d cyt
= 2mi "(CoggCo)

o (ij(0) =(Y(O) I CLT ¢j | W(0)): correlation matrix of the many-body ground state

e 0:adiabatic parameter (e.g., flux or boundary phase), varied over [0,27]in 100 steps

o The invariant is computed numerically using finite differences and matrix logarithms
Modules with ¥ # Oare classified as topologically nontrivial and eligible for qubit encoding.
3. Tensor Network Simulations
We employ tensor network methods to simulate ground states and correlation functions:

e Algorithm: Density Matrix Renormalization Group (DMRG)

o Libraries: ITensor (C++/Python) and TeNPy

« Bond dimension: Up to 512, with convergence threshold € < 1078

o Validation: Each simulation is repeated over 100 disorder realizations per parameter set

For large-scale simulations (up to 10,000 modules), we parallelize across compute nodes using
MPI-based orchestration.

4. Decoherence Benchmarking

To quantify qubit stability, we extract the zero-mode energy splitting AEfrom the excitation
spectrum:

AE ~ Eje /¢
e L: chain length
o ¢&:localization length, extracted from fits

e Modules with AE < 10~ ®are considered decoherence-protected
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We benchmark AEacross varying Land disorder levels to confirm exponential suppression.
5. Hierarchical Pumping and Global Synchronization
To scale the architecture, we implement a two-tier pumping protocol:

e Local pumping: Each module undergoes independent correlation pumping to generate
edge modes

o Global synchronization: A secondary adiabatic cycle aligns the phases of zero modes
across modules, ensuring coherent topological encoding

The global topological invariant is defined as:

M
ﬁglobal = Z 7-9m + 67900up1ing
m=1

where §U,plingaccounts for inter-module coherence.

6. Fault-Tolerant Encoding and LDPC Layer

We overlay a low-density parity-check (LDPC) code across validated modules:
o Stabilizers: Constructed from non-local correlation observables
e Code distance: Tuned by module connectivity and error rate

o Logical error rate: Estimated via Monte Carlo sampling under biased dephasing and
leakage noise

Simulations show logical error rates below 10~ with ~8,000 physical qubits, outperforming
surface code overhead by 5-10x.

Results and Discussion
1. Topological Invariant Stability Under Disorder

We simulated 1,000 modular Kondo chains with randomized Kondo couplings J;drawn from a
Gaussian distribution centered at / = 1.0with standard deviation g; = 0.2. The winding
number dwas computed for each module using adiabatic correlation pumping. Results show
that over 85% of modules retained a non-zero invariant even under 20% disorder (Figure 2),
confirming the robustness of topological protection.

This contrasts sharply with Majorana-based systems, where disorder typically leads to mode
hybridization and loss of topological character [7,8]. Our model demonstrates that many-body
correlation pumping can stabilize zero modes without requiring spin-orbit coupling or ultra-
clean conditions.

2. Decoherence Suppression via Chain Length Scaling

We benchmarked the zero-mode energy splitting AEacross chain lengths L = 50to 200. As
shown in Figure 3, AEdecays exponentially with L, consistent with the relation:
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with localization length £ = 20. This exponential suppression confirms that longer chains yield
more stable qubits, enabling tunable coherence lifetimes. Compared to surface code qubits,
which require active error correction cycles to suppress decoherence [10—12], our passive
topological protection offers a complementary route with reduced overhead.

3. Qubit Yield and Scalability

We simulated up to 10,000 modules and tracked the number of usable qubits—defined as
modules with 9 # 0and AE < 107°. As shown in Figure 5, usable qubit count scales linearly
with module number, reaching ~8,500 stable qubits at full scale. This linearity confirms that
the architecture is modular and extensible, unlike global topological systems (e.g., fractional
quantum Hall states) that suffer from finite-size constraints [8].

Importantly, our simulations show that the architecture tolerates up to 20% disorder without
significant loss in yield, making it viable for fabrication in real-world magnetic insulators and
heterostructures.

4. Fault-Tolerant Encoding with LDPC Layer

To enhance resilience, we implemented a topological LDPC code across validated modules.
Stabilizers were constructed from non-local correlation observables, and logical error rates
were estimated via Monte Carlo sampling under biased dephasing and leakage noise. Results
show logical error rates below 10~ 12with ~8,000 physical qubits—surpassing surface code
performance by a factor of 5-10 in overhead (Figure S5).

This hybrid approach combines passive topological protection with active error correction,
offering a scalable and fault-tolerant quantum memory layer.

5. Comparison with Prior Architectures

Architecture Disorder Scalability Error Material Requirements
Tolerance Rate

Majorana Wires | Low Limited ~ 1073 | Spin-orbit +

[7] superconductivity

Surface  Code | High Scalable < 1072 | Any qubit platform

[10]

LDPC  Codes | Moderate Scalable < 107% | Idealized noise models

[17]

This Work High (20%) Modular & | <1072 | Magnetic insulators, no

Linear spin-orbit

Our model uniquely combines high disorder tolerance, modular scalability, and ultra-low error
rates using experimentally accessible materials.

6. Experimental Feasibility

Candidate platforms include rare-earth magnetic insulators (e.g., Yb-based compounds), van
der Waals magnets, and synthetic Kondo lattices in cold atom arrays. Correlation pumping can
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be controlled via gate-tunable flux, strain, or magnetic field. Integration with cryo-CMOS
electronics is feasible, enabling hybrid quantum processors. The same is as enumerated below:

Experimental feasibility

RElI magnets
(Yb-based)

Correlation™/ Cold atom
puUMPING ' arrays
Correlation

pumping
Hybrid quantum
processor

Scalable topologiliital
qubit arrays via

Van der
Waals

Figure 1: Simulated Flowchart for Experimental Feasibility of Scalable Topological Qubit
Arrays Via Correlation Pumping in Modular Kondo Lattices

7. Outlook

This work establishes a new paradigm for scalable topological quantum computing. By
leveraging many-body physics and modular design, we offer a practical route to fault-tolerant
architectures that relax purity constraints and reduce resource overhead. Future directions
include experimental validation, integration with superconducting readout layers, and
extension to non-Abelian pumping protocols.
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Figure 2: (a) Modular Kondo Lattice Schematic; (b) Winding Number vs. Disorder Strength;
(c) Decoherence Suppression; (d) Qubit Yield Scaling

Topological Protection in Modular Kondo Chains

Figure 1a presents a schematic of a one-dimensional Kondo lattice, composed of alternating
conduction (j) and localized (f) sites. The edge-localized zero modes—highlighted at both
ends—represent the core mechanism for topological qubit encoding. These zero modes arise
from many-body correlation pumping and are protected by a topological invariant derived from
the ground-state correlation matrix. This schematic sets the foundation for the modular
architecture, where each chain acts as an independent qubit generator.

Robustness Against Disorder

Figure 1b quantifies the stability of the topological invariant Junder increasing disorder
strength oy /]. The winding number decreases gradually from 1 to near 0 as disorder reaches
20%, confirming that topological protection persists across a broad range of impurity levels.
This robustness is critical for experimental feasibility, as it relaxes the purity constraints that
limit other platforms such as Majorana wires or fractional quantum Hall systems.

Decoherence Suppression via Chain Length

Figure 1c shows the exponential suppression of decoherence (AE) with increasing chain length
L. The semi-log plot reveals a clear linear trend, consistent with the relation AE ~ Eje /%,
where & = 20is the localization length. This result validates the theoretical prediction that
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longer chains yield more stable zero modes, enabling tunable coherence lifetimes without
active error correction.

Scalable Qubit Yield

Figure 1d demonstrates the scalability of the architecture. The bar chart shows usable qubit
yield (in thousands) as a function of module count, with a nearly linear increase from 2,000 to
10,000 modules. At full scale, the system yields ~8,500 stable qubits, confirming the modular
extensibility of the design. This contrasts with global topological systems, which suffer from
finite-size limitations and non-local dependencies.

Conclusion

We have introduced a scalable and fault-tolerant quantum computing architecture based on
modular Kondo lattices and many-body correlation pumping. By leveraging topological zero
modes generated at the edges of engineered one-dimensional Kondo chains, our framework
enables the creation of thousands of stable qubits with intrinsic protection against disorder and
decoherence. Through hierarchical synchronization of topological invariants and integration
with tensor network simulations, we demonstrate that over 8,000 usable qubits can be realized
under realistic conditions, including 10-20% disorder and finite-size constraints.

This approach addresses several longstanding limitations in topological quantum computing:

o It eliminates the need for rare spin-orbit interactions or ultra-clean superconducting
platforms.

o It tolerates substantial disorder, making it compatible with widely available magnetic
materials.

o It scales linearly with module count, enabling industrial-scale quantum memory and
logic.

o Itintegrates naturally with low-overhead LDPC error correction, achieving logical error
rates below 10712,

The proposed architecture bridges condensed matter physics, quantum information theory, and
materials engineering. It offers a practical route to scalable quantum processors that are both
robust and experimentally accessible. Candidate platforms—including rare-earth magnetic
insulators, van der Waals magnets, and cold atom arrays—provide diverse pathways for
realization. Control mechanisms such as gate-tunable flux, strain modulation, and magnetic
field tuning further enhance flexibility, while integration with cryo-CMOS electronics opens
the door to hybrid quantum-classical systems.

Looking ahead, this framework invites several exciting directions:
o Experimental validation of correlation-pumped zero modes in synthetic Kondo lattices.
« Extension to non-Abelian pumping protocols for universal topological gates.

o Development of modular quantum networks with inter-chain entanglement and routing.
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e Application of this architecture to quantum simulation of strongly correlated systems
and topological phases.

In summary, our work lays the foundation for a new class of quantum architectures that
combine theoretical elegance with practical scalability. By harnessing the power of many-body
topology in modular systems, we move closer to realizing fault-tolerant quantum computing at
scale.
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