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System of interest embedded in an environment: composite system-environment

Reduced dynamics via master equation

Markovian limit: Universal Lindblad form

Open Quantum Systems
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Decay of coherences of density matrix, e.g. of a Schrodinger cat state 

Quantum Brownian Motion

Decoherence time in the high-temperature limit

Open Quantum Systems: Decoherence

e.g. Zurek, Physics Today
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Purity

Master equation

Short time decay

Universal decoherence time   &  rate

M. Beau, J. Kiukas, I. L. Egusquiza, AdC, Phys. Rev. Lett. 119, 130401 (2017) 

Decoherence from Quantum Decay: Purity
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Full system 

Deterministic part + stochastic part with real Gaussian process

Stochastic Schrodinger equation

Extensive literature

Stochastic Hamiltonians

G. J. Milburn, PRA 44, 5401 (1991)
H. Moya-Cessa, V. Bužek, M. S. Kim, and P. L. Knight, PRA 48, 3900 (1993)
A. Budini, PRA 64, 052110 (2001)
[…]
A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Exact Noise-Averaged dynamics

Density matrix averaged over realizations

Master equation requires stochastic unravelling

Simplified via Novikov’s theorem for white noise   

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

Experimental tests?

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

Experimental tests?

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

Modulating magnetic field

Nonlocal “2-body” dissipator

Experimental tests?

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

Experimental tests?

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Quantum simulation of open systems with many-body dissipators

Target Hamiltonian: Ising chain

Modulating ferromagnetic couplings

Nonlocal “4-body” dissipator

Experimental tests?

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Stochastic Hamiltonian

k-body operators

“2k-body” dissipators

Double sum over indices vs usual single sum ~ correlated environment

Stochastic k-body Hamiltonians

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Stochastic Hamiltonian

k-body operators

“2k-body” dissipators

Polynomial scaling

Stochastic k-body Hamiltonians

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Dephasing dynamics

Master equation with Hermitian Lindblad op

Decoherence rate scaling for  k-body Lindblad op

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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Polynomial scaling in system size
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Dephasing dynamics

Master equation with Hermitian Lindblad op

Decoherence rate scaling for  k-body Lindblad op

A. Chenu, M. Beau, J. Cao, AdC, Phys. Rev. Lett. 118, 140403 (2017) 
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What are the ultimate bounds to 

the decoherence rates?
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Noise-averaged master equation

Decoherence rate

Exponential dependence on particle number!

Extreme decoherence

Decoherence rate in RMT:  GUE

Z. Xu, L. P. García-Pintos, A. Chenu, and AdC, PRL 122, 014103 (2019)

Ensemble average
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Noise-induced anti-Kibble-Zurek scaling

Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Quantum Annealing Protocol

Example
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Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Defect density obeys Kibble-Zurek scaling

3D Ising [.                                3D Ising [Du et al. Nature Physics 19, 1495 (2023)]
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1D Ising [Sci. Rep. 6, 33381 (2016)]

2005 
Polkovnikov
Damski
Dziarmaga
Zurek, Dorner, Zoller
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Noise in the control fields

Quantum Annealing Protocol

Noisy control field
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Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Full system 

Deterministic and stochastic parts

Stochastic Schrodinger equation

Stochastic many-body Hamiltonians
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Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Annealing dynamics

Density of excitations                      Residual energy

anti-KZM

KZM

Noise-induced breakdown of adiabatic protocols
Anti-Kibble-Zurek behavior

Adolfo del Campo

Logo Uni

Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Universality of optimal annealing time

Density of excitations

Kibble-Zurek exponent

Optimal annealing time 
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Dutta, Rahmani, AdC PRL 117, 080402 (2016)
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Experimental verification
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Ai et al. PRA 103, 012608 (2021)

Single trapped 171Yb+ ion simulator of transverse-field XY chain

Linear excess Universal optimal driving timeKZ/Anti-KZ
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Noise-induced Anti-KZM in QC
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Weinberg et al. PRL 124, 090502 (2020)

2D Quantum Ising model (Dwave) Anti-KZ induced by digitized errors (IBM)

Miessen et al PRX Quantum 5, 040320 (2024)

KZ

AntiKZ

AntiKZ

KZ

Analog Quantum Simulation Digital Quantum Simulation
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Adolfo del Campo:   adolfo.delcampo@umb.edu

Symmetry breaking induced by monitoring
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García-Pintos et al. PRL 123, 090403 (2019)
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Equation of motion

Nonlinear innovation term conditioning to a measurement record 

Continuous Quantum Measurement: Dynamics
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García-Pintos et al. PRL 123, 090403 (2019)
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Continuous Measurement of Ising Model
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García-Pintos et al. PRL 123, 090403 (2019)

Paramagnet to ferromagnet
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Continuous Measurement of Ising Model
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García-Pintos et al. PRL 123, 090403 (2019)

Paramagnet to ferromagnet

Magnetization conserved on average
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Continuous Measurement of Ising Model
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García-Pintos et al. PRL 123, 090403 (2019)

Paramagnet to ferromagnet

Magnetization conserved on average

Symmetry breaking induced by measurement feedback
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Increasing measurement strength
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García-Pintos et al. PRL 123, 090403 (2019)

Symmetry breaking induced by monitoring
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Locality of monitoring
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local coarse-grained global

García-Pintos et al. PRL 123, 090403 (2019)

K spins
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Locality of monitoring
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García-Pintos et al. PRL 123, 090403 (2019)
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Classification of topological defects
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García-Pintos et al. PRL 123, 090403 (2019)

Using the vacuum manifold of the system via homotopy theory 

[Kibble ‘76, Mermin ‘79]

Monitoring agent alters the pattern of symmetry-breaking

Need for classification framework including monitoring
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Quantum Chaos in Open Quantum Systems

Logo Uni

Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Seminal results …

Books …

We focus on spectral properties & introduce analogue of Spectral Form Factor

QChaos vs Decoherence: Long-standing problem

Adolfo del Campo

Dissipative Quantum 
Chaos and Decoherence | 
Daniel Braun | Springer

Quantum Signatures of 
Chaos (Springer Series in 
Synergetics): Haake, 
Fritz:  9783642054273: 
Amazon.com: Books
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Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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SFF as Fourier transform of the spectrum

Adolfo del Campo

Logo Uni

Leviander et al. PRL 56, 2449 (1986)

Wilkie Brumer, PRL 67, 1185 (1991)

Alhassid, Levine, PRA 46, 4650 (1992)

Alhassid, Whelan, PRL 70, 572 (1993)

Cotler et al JHEP05(2017)118

Dyer Gur-Ari JHEP08(2017)075

AdC Molina-Vilaplana Sonner PRD 95, 126008 (2017) 
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SFF as Fourier transform of the spectrum

Adolfo del Campo

Logo Uni

Survival amplitude

Survival probability/fidelity averaged over ensemble: sum of 3 terms

1 2 3
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Chaos in isolated systems

Adolfo del Campo

Partition function with complex-valued temperature (SYK, N=26)

Logo Uni

1

2

3
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Chaos in isolated systems

Adolfo del Campo

Partition function with complex-valued temperature (SYK, N=26)

Quantum noise

J Barbón & E Rabinovici
Fortschr. Phys. 62, 626 (2014)

Logo Uni
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Chaos in isolated systems

Adolfo del Campo

Partition function with complex-valued temperature (SYK, N=26)

dip

ramp

plateau

Loschmidt echoes

NMR exps

JHEP 

Logo Uni
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Chaos in isolated systems

Adolfo del Campo

Partition function with complex-valued temperature (SYK, N=26)

dip

ramp

plateau

J. Šuntajs, J. Bonča, T. Prosen, L. Vidmar, PRE 
102, 062144 (2020)

Logo Uni
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Fidelity-based SFF for open quantum systems

Adolfo del Campo

Logo Uni

AdC, Molina-Vilaplana, Sonner, PRD 95, 126008 (2017) 

AdC & T Takayanagi, JHEP02(2020)170

Xu, AdC, PRL 122, 160602 (2019)

Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)

Cornelius et al. PRL 128, 190402 (2022)

Matsoukas-Roubeas et al. JHEP 2023, 60 (2023)

Matsoukas-Roubeas et al. PRA 108, 062201 (2023)

Matsoukas-Roubeas, Prosen, AdC, Quantum 8, 1446 (2024)

Conventional definition of SFF as Fourier transform of energy spectrum

Open problem: Generalization to Open and Non-Hermitian systems

My view:

Fidelity-based approach provides natural generalization grounded 

on quantum dynamics and the geometry of quantum states
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Fidelity-based SFF for isolated systems

Adolfo del Campo

Logo Uni

Coherent Gibbs state (pure)

evolves into

Fidelity-based SFF

Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Fidelity-based SFF for open quantum systems

Adolfo del Campo
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Coherent Gibbs state (pure)

evolves into

Fidelity-based SFF

Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Chaos in open systems: Energy dephasing

Adolfo del Campo

Survival probability after Hubbard-Stratonovich transformation

Spectral Form Factor for isolated quantum system

Energy dephasing equivalent to time averaging with given kernel

Logo Uni

Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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TFD Fidelity as SFF for open systems

Adolfo del Campo

Logo Uni

Z. Xu et al. PRB 103, 064309 (2021)

Dip shallower and delayed

“Quantum noise” suppressed

Ramp shortened, otherwise robust

Plateau robust
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Competition of Time scales

Adolfo del Campo

Most quantities are monotonic, ruled by decoherence time

Fidelity sensitive to 

• Decoherence time

• Dip/Thouless time

• Plateau/Heisenberg time

Logo Uni

Z. Xu, A. Chenu, T. Prosen, and AdC, PRB 103, 064309 (2021)
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Adolfo del Campo:   adolfo.delcampo@umb.edu

Spectral filtering in Non-Hermitian dynamics

balanced gain and loss

Logo Uni

J. Cornelius et al. PRL 128, 190402 (2022)
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Rewriting the Master equation

Null-measurement conditioning (no jumps) yields “balanced gain and loss”

Conditioning & Balanced gain and loss

Adolfo del Campo

Logo Uni
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BGL and energy dephasing

Adolfo del Campo

Logo Uni

BGL Equations of motion: Non-Hermitian and Non-Linear

Quantum state evolution

J. Cornelius et al. PRL 128, 190402 (2022)
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Fidelity-based SFF for open quantum systems

Adolfo del Campo

Logo Uni

Coherent Gibbs state (pure)

Uhlmann fidelity 

SFF under BGL

Ensemble average

J. Cornelius et al. PRL 128, 190402 (2022)
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Fidelity-based SFF for open quantum systems

Adolfo del Campo

Logo Uni

Coherent Gibbs state (pure)

Uhlmann fidelity 

SFF under BGL

Ensemble average

J. Cornelius et al. PRL 128, 190402 (2022)
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Spectral filtering enhances chaos

Adolfo del Campo

Logo Uni

J. Cornelius et al. PRL 128, 190402 (2022)
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Spectral filtering enhances chaos

Adolfo del Campo

Logo Uni

J. Cornelius et al. PRL 128, 190402 (2022)
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Optimal filter: Energy dephasing + BGL

Adolfo del Campo

Logo Uni

J. Cornelius et al. PRL 128, 190402 (2022)
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Spectral filtering as unifying framework

Adolfo del Campo

Logo Uni

Energy dephasing = Frequency filtering = Time averaging = Liouvillian deformation

Energy dephasing with no jumps: Eigenvalue filtering = Hamiltonian deformation

Matsoukas-Roubeas et al PRA 108, 062201 (2023)
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Spontaneous Symmetry Breaking

• Extreme decoherence rate in RMT, exponential in system size

• Noise-induced anti-Kibble-Zurek scaling

• Symmetry breaking governed by monitoring

Quantum chaos

• Fidelity-based Spectral Form Factor for Open Systems

• Energy dephasing suppresses quantum chaos (jumps)

• Balanced gain and loss enhance quantum chaos  (no jumps)

Summary

Adolfo del Campo

spectral 
filtering
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