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Open quantum systems: from foundations to  applications

Quantum metrology 

and sensing

Quantum computation & 

communication

Quantum simulation

• The systems we want to control and manipulate are subjected to interaction 

with the surrounding environment, i.e., they are open systems 

• Quantum properties are particularly fragile under such an interaction 



Open quantum systems: from foundations to  applications

Foundations of Quantum Mechanics!!

✓Border between classical and 

quantum (decoherence theory)

✓A measurement is an interaction 

of the system of interest with an 

“environment”

• The systems we want to control and manipulate are subjected to interaction 

with the surrounding environment, i.e., they are open systems 

• Quantum properties are particularly fragile under such an interaction 



o Biological molecular complexes

o Nanoscale quantum thermal machines

o Energy-charge conversion and transport in solid-state devices

o Solid-state implementations of quantum protocols

Complex open-system dynamics

Strong-coupling/structured environments: the Markov description is not faithful!!



o Lack of a general approach to i) guarantee a well-defined, (C)PTP, evolution 

                                                            ii) enclose all the relevant information about the 

                                                               environment in a simple description

Compare with the 

GKLS equation

Approaches to non-Markovian dynamics



o Lack of a general approach to i) guarantee a well-defined, (C)PTP, evolution 

                                                            ii) enclose all the relevant information about the 

                                                               environment in a simple description

Compare with the 

GKLS equation

o Several analytical and numerical methods

• Perturbative: projection super-operators (TCL and Nakajima-Zwanzig), path 

                           integrals expansions, regularization of the Redfield equation,… 

• Nonperturbative: quantum trajectories, collision models, TEDOPA, TEMPO, 

                                 MPO techniques, auxiliary models…

Approaches to non-Markovian dynamics



Lindblad generator

Residual

unidirectional

leak of information

Garraway, PRA 55,2290 (1997)

Lindblad embedding: physical idea

Non-Markovian core: 

encloses all memory effects

Basic idea: We can keep the same predictions for the 

open system, while changing the overall dynamics !!



Non-Markovian core: 

encloses all memory effects

o The resulting configuration is simpler than the original one: smaller set of d.o.f.            

o Rigorous equivalence theorem: if the two-time correlation functions of the unitary 

bath and the non-unitary bath coincide, then the open-system dynamics is the same

Residual

unidirectional

leak of information

Garraway, PRA 55,2290 (1997)
Lindblad generator

Lindblad embedding: physical idea
Basic idea: We can keep the same predictions for the 

open system, while changing the overall dynamics !!

D. Tamascelli, A.Smirne, S. Huelga, M. Plenio, PRL 120, 030402 (2018)



Theorem: match 

C(t)/J(ω)

From a structured environment 

with uncountably infinite d.o.f. to 

a simpler auxiliary model

network Hamiltonian

local damping

B interaction operators

Network of pseudomodes
Mascherpa, Smirne, Tamascelli, Fernandez, Donadi, 

Huelga, Plenio Phys. Rev. A 101, 052108 (2020)



Theorem: match 

C(t)/J(ω)

From a structured environment 

with uncountably infinite d.o.f. to 

a simpler auxiliary model

o For the sake of simplicity, we set nearest-neighbor and hopping interaction, 

but different networks with linear couplings are possible!

o Two-step procedure

network Hamiltonian

local damping

B interaction operators

Network of pseudomodes
Mascherpa, Smirne, Tamascelli, Fernandez, Donadi, 

Huelga, Plenio Phys. Rev. A 101, 052108 (2020)



o Dimeric complex coupled to a structured phononic bath: broad background + peaks

Local energy basis of 

the monomers
Local vibrational 

bath modes

Multi-time spectroscopy Nueßeler, Tamascelli, AS, Lim, Huelga, 

Plenio, PRL 129, 140604 (2022)

Dimer dipole momentum operator

o Rephasing signal in a 3-pulse experiment



o Dimeric complex coupled to a structured phononic bath: broad background + peaks

Local energy basis of 

the monomers
Local vibrational 

bath modes

o Rephasing signal in a 3-pulse experiment

• Comparison with an effective 

Markovian description

• NM features detected: 

multiple peaks due to 

multiphonon transitions

Dimer dipole momentum operator

Multi-time spectroscopy Nueßeler, Tamascelli, AS, Lim, Huelga, 

Plenio, PRL 129, 140604 (2022)



Strong-coupling quantum thermodynamics

o Heat, work and interaction energy from pseudomode dynamics

Albarelli, Vacchini, Smirne

Quantum Sc Tech

10, 015041 (2025)



Strong-coupling quantum thermodynamics

o Heat, work and interaction energy from pseudomode dynamics

Albarelli, Vacchini, Smirne

Quantum Sc Tech

10, 015041 (2025)

o Entropy production in a structured environment – Two level system, single Ohmic bath

• Spohn entropy production

• Esposito-Lindenberg-van den Broeck entropy 

production



Strong-coupling quantum thermodynamics

o Heat, work and interaction energy from pseudomode dynamics

Albarelli, Vacchini, Smirne

Quantum Sc Tech

10, 015041 (2025)

o Minimal-setup quantum heat engine

Power per cycle Efficiency

• Modulated coupling with frequency  

Ωd to cold bath – sharply peaked

• Static coupling with hot bath – 

broader spectrum



Local approach to quantum thermodynamics

o From time-local effective Hamiltonian on S to internal energy, heat and work

Colla, Vacchini, Smirne, 

New J Phys 27, 124510 (2025)



Local approach to quantum thermodynamics

o From time-local effective Hamiltonian on S to internal energy, heat and work

Colla, Vacchini, Smirne, 

New J Phys 27, 124510 (2025)

o Fluctuations via two-point measurement scheme

Colla, Smirne, Breuer, Vacchini, arXiv: 2604.26856 (2026)

equilibrium free energy
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Non-Markovianity: a physical picture

System: degrees of freedom we are interested in

Environment: usually very complex, it is averaged out

o Markovian dynamics: memoryless scenario

‘’fast environment”

decay time of E 

excitations

relaxation time of 

the open system 

Unidirectional system environment information flow

Weak coupling regime, low density limit, …



Non-Markovianity: a physical picture

System: degrees of freedom we are interested in

Environment: usually very complex, it is averaged out

Interplay of S relaxation and E dynamics

key role of S-E correlations!

Bidirectional system environment information flow

decay time of E 

excitations

relaxation time of 

the open system 

o Non-Markovian dynamics: memory effects are relevant



Equivalence theorem
Unitary environment Non-unitary (GKLS) environment

averages

2-time correlators

under free evolution

Given two Gaussian Bosonic environments

Tamascelli, Smirne, Huelga, Plenio, 

Phys. Rev. Lett. 120, 030402 (2018)
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