Lesson 4.5: Noise & Landscapes

Mathematical Intuition - Module 4 — Optimization Regularization

Node 4.5

Overview

Understanding how quantum noise affects VQE cost landscapes and developing strategies to navigate noisy
optimization.

Learning Objectives

e See how noise transforms ideal cost landscapes

e Understand different types of quantum noise and their effects
e Recognize noise-induced local minima and bias

¢ Build intuition for error mitigation strategies

Core Concepts
Types of Quantum Noise
Decoherence

o T, decay: energy relaxation (|1) — |0))

o Ty decay: dephasing (loss of phase coherence)

o Effect: mixed states, reduced purity

e Impact on VQE: biased energy estimates, reduced expressibility

Gate Errors

o Over/under-rotation: 6_actual # 6 _intended

e Crosstalk: unintended interactions between qubits

o Effect: wrong unitary applied

e Impact on VQE: incorrect state preparation, biased gradients

Measurement Errors

o Readout errors: measure |0) when state is |1) (and vice versa)
e SPAM errors: state preparation and measurement

o Effect: incorrect measurement outcomes

e Impact on VQE: noisy cost function estimates

How Noise Affects Cost Landscapes

Ideal Landscape

e Smooth: well-defined minima
o Deterministic: same 6 gives same E(6)
e Gradient: points toward minimum



Noisy Landscape

¢ Rough: noise adds high-frequency oscillations

o Stochastic: E(f) varies between runs (shot noise)
e Biased: systematic errors shift minimum

e Flattened: decoherence reduces landscape features

Noise-Induced Phenomena
Local Minima

e Noise can create spurious local minima
e Optimizer gets trapped
e Solution: multiple initializations, simulated annealing

Barren Plateaus

o Gradients vanish in large regions
e Exponentially hard to escape
o Worse with noise and deep circuits

Gradient Bias

o Noise biases gradient estimates
e Optimizer moves in wrong direction
e Solution: error mitigation, more shots

Energy Bias

e Decoherence typically increases energy
e Ground state estimate is too high
e Solution: extrapolation, error mitigation

Error Mitigation Strategies
Zero-Noise Extrapolation (ZNE)

e Idea: run at different noise levels, extrapolate to zero noise

o Method: amplify noise (e.g., pulse stretching), fit curve, extrapolate
o Effect: reduces systematic bias

e Cost: multiple circuit runs

Probabilistic Error Cancellation (PEC)

o Idea: represent noisy channel as linear combination of noiseless operations
e Method: sample from quasi-probability distribution

o Effect: unbiased estimates (but high variance)

e Cost: many more measurements

Symmetry Verification

o Idea: check if state respects known symmetries

e Method: measure symmetry operators, post-select or correct
o Effect: filters out unphysical states

o Cost: additional measurements



Measurement Error Mitigation

e Idea: characterize readout errors, invert confusion matrix
e Method: calibration circuits, linear inversion

o Effect: corrects measurement outcomes

e Cost: calibration overhead

Noise-Aware Optimization
Adaptive Shot Allocation

o Idea: allocate more shots where gradient is uncertain

e Method: estimate gradient variance, increase shots accordingly
o Effect: reduces total shots for same accuracy

o Benefit: faster optimization

Noise-Aware Ansatz Design

e Idea: design circuits robust to noise

Method: shorter circuits, native gates, symmetry-preserving
o Effect: less noise accumulation

e Trade-off: may reduce expressibility

Robust Cost Functions

e Idea: cost functions less sensitive to noise

e Method: local observables, symmetry-protected quantities
o Effect: more stable optimization

o Example: QAOA with local cost terms

Examples in Context
VQE on NISQ Hardware

e Challenge: decoherence limits circuit depth
e Strategy: shallow ansétze, error mitigation
e Result: approximate ground state energies

Noisy QAOA

e Challenge: gate errors accumulate over layers
e Strategy: optimize layer count, use ZNE
e Result: better approximation ratios

Quantum Machine Learning

e Challenge: training requires many circuit evaluations
e Strategy: noise-aware training, regularization
e Result: models robust to noise

Noise Models

Depolarizing Channel

o Effect: state — (1-p)p + p - I/d (mixed with maximally mixed state)
o Parameter: p (depolarizing probability)
o Impact: reduces purity, flattens landscape



Amplitude Damping
o Effect: |1) — |0) with probability ~
o Parameter: v (damping rate)
o Impact: biases toward |0) states

Phase Damping

o Effect: loses phase coherence
o Parameter: \ (dephasing rate)
e Impact: reduces off-diagonal density matrix elements

Simulating Noisy VQE
Noise Simulation

e Tool: Qiskit, Cirq with noise models
e Method: add noise channels after each gate
e Purpose: predict performance on real hardware

Benchmarking

e Metrics: fidelity, energy error, convergence rate
e Comparison: ideal vs noisy, different error rates
e Goal: understand noise impact, test mitigation

Practical Considerations
Circuit Depth vs Noise

o Trade-off: deeper circuits — more expressive but more noise
e Strategy: find optimal depth for hardware
o Rule of thumb: keep depth < coherence time / gate time

Shot Budget

o Trade-off: more shots — better estimates but more time
e Strategy: adaptive allocation, prioritize important terms
o Typical: 1000-10000 shots per circuit

Calibration

e« Importance: gate errors vary over time
e Strategy: regular calibration, use recent calibration data
e Impact: more accurate noise models, better mitigation

Practice Problems

1. How does decoherence typically affect ground state energy estimates?
2. Why might zero-noise extrapolation help with systematic errors but not shot noise?
3. What’s the trade-off between circuit depth and noise in ansatz design?

Key Takeaways

« Noise transforms cost landscapes: rougher, biased, flattened
o Different noise types: decoherence, gate errors, measurement errors
e Error mitigation: ZNE, PEC, symmetry verification, readout correction



o Noise-aware strategies: adaptive shots, robust ansétze, local cost functions
o Trade-offs: expressibility vs noise, shots vs time, accuracy vs cost

Next Steps
Next, we’ll put it all together and walk through the complete VQE pipeline from problem setup to solution.
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