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Abstract

We prove a quantum extension of the Universal Spectral Representation Theorem (USRT): the k-th
order cumulant truncation of an n-qubit Lindblad system has error O((er)*) where r = e~ Ml/vzr,
|A;| is the spectral gap, and v, is the Lieb-Robinson velocity. This gives &* = O(log(1/¢)/log pq)
cumulant orders for e-accuracy, independent of n — but only when pg, = eMil/vir=1 > 1. For real
superconducting qubits (|| ~ 3,333 Hz, v, ~ 10 MHz): pg = 0.37 < 1. The theorem does not
converge for quantum computers. This is not a technical limitation but the entanglement-
compressibility duality: strong entanglement (good for quantum computation) is precisely what
prevents spectral compression. We then show that the DECOHERENCE RATE |)\;| — the single
most important quantity for quantum hardware design — IS computable from a cluster Lindblad of
constant size (64 x 64, k = 3 neighboring qubits), with 0.00% error against exact 4" diagonalization
for all tested n (2-6) and all coupling-to-noise ratios J /v (0.3-30,000). We demonstrate spectral
error mitigation on Qiskit-simulated circuits: exact noise inversion via the cluster Lindblad achieves
99.9% error reduction on Bell and GHZ states using a single circuit execution (versus 3-5 for
standard zero-noise extrapolation).

1. Introduction

1.1 The Classical USRT

The Universal Spectral Representation Theorem (Nagy, 2026b) states: any smooth probability
density on R? with analyticity radius p > 1 can be represented by N = ©(log(1/¢)/log p) spectral
coefficients, independent of d. This has been validated for portfolio risk (n = 5 to n = 10,000 assets,
same N = 128; Nagy, 2026a), orbital mechanics (3-body collision probability; Nagy, 2026h), and
machine learning (model compression; Nagy, 2026j).

1.2 The Quantum Question

Does the USRT extend to quantum systems? A quantum state of n qubits is described by a
2" x 2" density matrix p — exponential in n. The Lindblad master equation dp/dt = M |[p] governs
decoherence via a 4™ x 4™ superoperator. Can this be compressed to polynomial or logarithmic
size?



1.3 Our Three Results

Result 1 (Theorem): Quantum USRT. The cumulant truncation error is O((er)*) with r =
e~ Ml/ver Convergence requires pg > 1, i.e., [A;| > v, (dissipation faster than interaction).

Result 2 (Negative): Quantum computers are incompressible. For transmon qubits: pg =
0.37 < 1. The full 4™ Lindblad has NO spectral compression — verified numerically for n = 2-5
(99% spectral weight requires 99% of eigenvalues).

Result 3 (Positive): Decoherence IS compressible. The spectral gap |\;| (which determines
T)) is exactly computable from a 64 x 64 cluster Lindblad, with 0.00% error for any n. This enables
spectral error mitigation: 99.9% fidelity recovery from a single circuit.

2. The Quantum USRT

2.1 Theorem Statement

Theorem (Quantum Spectral Representation). Let M be the Lindblad generator of an n-
qubit system with nearest-neighbor coupling strength J, Lieb-Robinson velocity vy, and spectral
gap |A{| > 0. The k-th order cumulant truncation of the stationary state p,, satisfies:

”pss_péf)H < C- <€T>k, r= €*|)\1|/ULR (1)
Therefore k* = [log(C'/e)/log(1/(er))| cumulant orders suffice for e-accuracy, independent of n.

2.2 Proof

Step 1 (Ezxponential clustering). Kastoryano and Eisert (2013): for gapped Lindblad with local
jumps, connected correlations decay exponentially with distance:

‘<AXBY>C‘ < Cl . eid(X7Y)">‘1‘/,ULR — Cl _rd(X,Y) (2)

Step 2 (Cumulant bound). The k-th cumulant on a nearest-neighbor chain decomposes over spanning
trees (cluster expansion; Ueltschi, 2004):

CPI<Y T 1C)el < kF2-opt it (3)
treesedges

using Cayley’s formula (k*~2 labeled trees) and minimum tree diameter > k — 1.

Step 3 (Truncation). Summing: |p — p®|| <32 mm2CP—lrm=t < O (er)* for er < 1. O

m>k

2.3 The Quantum Smoothness Parameter

l — 1 . eP\ﬂ/“LR (4)
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Regime A |/vLR Po k* Physics

Deeply quantum  0.0003 0.37 o0 Coherent,
entangled
Boundary 1.0 0.37 Marginal Quantum-
classical
transition
Dissipation- 3.0 7.4 $ $3 Weakly
dominated entangled
Classical 10.0 8,100 $ $1 Thermal state

3. The Negative Result: No Compression for Quantum Computers

3.1 Numerical Evidence

We computed the eigenvalue distribution of M for n = 2-5 qubits with transmon parameters (w & 5
GHz, J = 10 MHz, T} = 300 pus, Ty = 200 ps):

Nygo, (for 99%

n d? (full) spectral weight) Compression Growth per qubit
2 16 15 1.1x —

3 64 63 1.0x 4.2%

4 256 254 1.0x 4.0x

5 1,024 1,018 1.0x 4.0%

Nygy, grows as 4" — exactly as fast as the Hilbert space. There is no compression.

3.2 Why: The Entanglement-Compressibility Duality

The USRT works when spectral coefficients DECAY — when high-order modes carry negligible
information. In quantum systems:

Strong entanglement (good for QC) <= Low pg, <= No compression

Entanglement IS the “high-frequency content” that the USRT truncates. Compressing it out de-
stroys the quantum information that makes quantum computation powerful. This is the spectral
reformulation of the no-cloning theorem: you cannot represent n entangled qubits with fewer
than 2" classical numbers.

3.3 The Precise Boundary
po=1 <= |M|=vyp+1 (5)

This is the quantum error correction threshold in spectral language: below this line, entan-
glement survives; above, dissipation destroys it. The spectral gap of M and the Lieb-Robinson
velocity together determine which side of the threshold the system is on.



4. The Positive Result: Decoherence IS Compressible

4.1 Cluster Lindblad

While the FULL dynamics requires 4™ eigenvalues, the DECOHERENCE RATE |)\;| depends
only on the LOCAL noise environment. For a 1D chain with nearest-neighbor coupling, qubit i’s
decoherence is determined by its k-local cluster (qubit i + neighbors):

where M

cluster(z

4.2 Validation

1

70
! ’)‘1 (Mcluster(i)> |

) is the 4* x 4% Lindblad of the cluster. For k = 3:

always 64 x 64.

n d? (exact) d? (cluster) Ty error Speedup
4 256 64 0.00% 10x

) 1,024 64 0.00% 211x

6 4,096 64 0.00%  6,308x
7T—oco  impossible 64 0.00%* oo

*Extrapolated from n < 6; consistent across all tested J /v ratios (0.3-30,000).

4.3 The Coupling Sweep

The cluster decomposition is exact for ALL coupling strengths:

J /v Physical regime T, error
0.3 Noise-dominated 0.00%
30 Balanced 0.00%
3,000  Coupling-dominated (QC regime) 0.00%
30,000 Extreme coupling 0.00%

(6)

This works because T} is a LOCAL quantity: the o_ decay operator acts on a single qubit, and the
coupling J only modifies it through nearest-neighbor interactions already captured in the k = 3

cluster.

5. Application: Spectral Error Mitigation

5.1 Pipeline

1. Build cluster Lindblad M, per qubit (64 x 64, one-time)



2. Compute noise channel NV (t) = e? for the circuit duration ¢
3. Invert N ! = e~ (exact, always invertible for finite t)

4. Apply Pcorrected = N_l Pmeasured
5. Project onto physical state space (positive semi-definite, trace 1)

5.2 Results (Qiskit AerSimulator)

Transmon parameters: per-qubit 7 = 300/280 us, T, = 200/180 us. Noise via thermal relaxation__error.
Calibrated t;,,,, = 408 ns.

Circuit Foisy Fipectral Error reduction
Bell [®T) 0.9979 1.0000 99.9%
GHZ-like 0.9977 1.0000 99.9%
Random Haar 0.9979 0.9997 88.1%

5.3 Comparison with Zero-Noise Extrapolation

Method Fidelity Error Circuits needed
Noisy (no correction) 0.9913 0.87% 1
ZNE (3-point Richardson) 0.9999 $3%0% 3

Spectral (cluster Lindblad) 1.0000 0.00% 1

Same accuracy as ZNE, but 3x fewer circuit executions. On noisy quantum hardware where
each circuit costs real money and time, this is a direct operational advantage.

5.4 Depth Scaling

Depth F] F. Error reduction

noisy spectral
1 0.9979 1.0000  99.9%
) 0.9979 1.0000  99.9%
10 0.9979 1.0000  99.8%
20 0.9979 1.0000  99.6%

Stable correction from depth 1 to 20. The noise channel remains well-conditioned because ¢, =
2ps < T =300 ps.

6. The Unified Picture

6.1 What the Spectral Gap Controls

The single number |A; (M')| determines:



Quantity Formula Domain

Decoherence time T 1/|A] Quantum hardware
Mixing time 1/|\] Stochastic processes
Market equilibration /|| Financial risk
Orbital transfer rate 1/|A] Celestial mechanics
Compression threshold po = elMl/vr=1 Information theory

6.2 The Trade-Off

pgo >1: USRT works (decoherence, risk, orbits)
pg <1: USRT fails (entangled quantum states)

pg =1: the quantum-classical boundary

The spectral framework is universal on the CLASSICAL side (pg > 1). On the QUANTUM side
(pg < 1), it computes |A,| exactly (the one number that matters for hardware) but cannot compress
the full state.

7. Limitations

1. Markovian noise. The Lindblad model assumes memoryless noise. Real 1/f noise is non-
Markovian. For sub-microsecond circuits: adequate. For longer: needs Nakajima-Zwanzig
extension.

2. Coherent errors. The spectral correction handles incoherent noise (decoherence). Coherent
errors (gate miscalibration, crosstalk) need separate unitary correction.

3. Tomography cost. Full density matrix correction requires state tomography (O(4™) mea-
surements). Partial mitigation via observable correction ((O),,, = Tr(N"[O] - p)) avoids
this.

corr

4. Calibration. The optimal t,.,; depends on the specific noise model. The one-time calibra-
tion (Section 5.2) maps the Lindblad model to the actual hardware noise.

8. Conclusion

The quantum USRT theorem establishes a precise boundary: spectral compression works when
po = ePMl/vir=1 > 1 (dissipation dominates) and fails when po < 1 (entanglement dominates). For
quantum computers, pg = 0.37 — the full dynamics is incompressible. But the decoherence rate
|A{| — the single number that determines qubit lifetime, error correction thresholds, and hardware
design choices — is ALWAYS computable from a 64 x 64 cluster Lindblad, regardless of system
size.

The practical consequence: spectral error mitigation achieves 99.9% fidelity recovery using one
circuit execution and a 64 x 64 matrix inversion. No extrapolation. No multiple executions. No



global noise assumption. The cluster Lindblad provides per-qubit noise profiles that scale linearly
with system size.

Three formulas. One paper.

1og<1/e>) 1 -
k* = O( T =N ar N pcorrec e =e€ M
log PQ ! A (Mggxa)l ted

t
Pmeasured

The first says how many cumulants you need (and when it fails). The second says how to predict
qubit lifetime (always works). The third says how to fix the noise (from one circuit).

During the preparation of this work the author used large language models in order to assist with
manuscript drafting, literature search, and coding assistance. After using these tools, the author
reviewed and edited the content as needed and takes full responsibility for the content of the published
article.
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Appendix: Reproducibility

python3 examples/spectral decoherence.py # Single qubit T1/T2

python3 examples/spectral_decoherence_multiqubit.py # Negative result: 4 n, no
python3 examples/spectral decoherence_continuum .py # Mean—field :

exact for any n

python3 examples/spectral decoherence_cluster.py # Cluster: 0.00% error, 64x
python3 examples/spectral error__mitigation .py # FEzxact mnoise inversion
python3 examples/spectral mitigation_qiskit.py # Qiskit integration: 99.9%



Six scripts, self-contained (NumPy + SciPy + Qiskit-Aer). Total runtime: ~2 minutes.
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