
Simulating Open Quantum 
Systems and Their Environments 

with Matrix Product States

COST Action CA24109 т QOpen  https://cost.eu   https://qopen.eu/
COST (European Cooperation in Science and Technology) is a funding agency for research and innovation networks. Our Actions help connect research initiatives across Europe 
and enable scientists to grow their ideas by sharing them with their peers. This boosts their research, career and innovation.

Grazia Di Bello

https://cost.eu/
https://qopen.eu/




Simulating Open Quantum 
Systems and Their Environments 

with Matrix Product States

COST Action CA24109 т QOpen  https://cost.eu   https://qopen.eu/
COST (European Cooperation in Science and Technology) is a funding agency for research and innovation networks. Our Actions help connect research initiatives across Europe 
and enable scientists to grow their ideas by sharing them with their peers. This boosts their research, career and innovation.

Grazia Di Bello

https://cost.eu/
https://qopen.eu/




Open quantum systems models
Qubitтboson models & explicit dissipation

GDB, et al., Eur. Phys. J. Plus 138, 135 (2023).



Open quantum systems models
Qubitтboson models & explicit dissipation

GDB, et al., Eur. Phys. J. Plus 138, 135 (2023).

Environment-induced criticality
Equilibrium quantum phase transitions

G. De Filippis, GDB, et al., Phys. Rev. Lett. 130, 210404 (2023).
GDB, et al., Commun. Phys., 7, 364 (2024).



Open quantum systems models
Qubitтboson models & explicit dissipation

GDB, et al., Eur. Phys. J. Plus 138, 135 (2023).

Environment-induced criticality
Equilibrium quantum phase transitions

G. De Filippis, GDB, et al., Phys. Rev. Lett. 130, 210404 (2023).
GDB, et al., Commun. Phys., 7, 364 (2024).

Applications: work extraction & sensing
Ergotropy & quantum Fisher information

F. Formicola, GDB, et al., Phys. Rev. Res. 7, 043086 (2025).
D. Parlato, GDB, et al., Phys. Rev. B 112, 224314 (2025). 

GDB, et al., Quantum Sci. Technol. 10, 015049 (2024).



Open quantum systems models
Qubitтboson models & explicit dissipation

GDB, et al., Eur. Phys. J. Plus 138, 135 (2023).

Environment-induced criticality
Equilibrium quantum phase transitions

G. De Filippis, GDB, et al., Phys. Rev. Lett. 130, 210404 (2023).
GDB, et al., Commun. Phys., 7, 364 (2024). Recent past: non-equilibrium effects

Kibble-Zurek mechanism & quantum Mpemba effect
T. Pirozzi, GDB, et al., arXiv:2603.16709 (2026).

P. Chirico, GDB, et al., arXiv:2603.17565 (2026).

Applications: work extraction & sensing
Ergotropy & quantum Fisher information

F. Formicola, GDB, et al., Phys. Rev. Res. 7, 043086 (2025).
D. Parlato, GDB, et al., Phys. Rev. B 112, 224314 (2025). 

GDB, et al., Quantum Sci. Technol. 10, 015049 (2024).



Open quantum systems models
Qubitтboson models & explicit dissipation

GDB, et al., Eur. Phys. J. Plus 138, 135 (2023).



Simulating OQSs and Their Environments with MPSs
4/19

Kick-off Workshop

SIMULATING OPEN QUANTUM SYSTEMS



Ç no exact solution in general
Ç perturbative methods fail at strong coupling
Ç exact diagonalization is not scalable

Simulating OQSs and Their Environments with MPSs
4/19

Kick-off Workshop

SIMULATING OPEN QUANTUM SYSTEMS



Ç no exact solution in general
Ç perturbative methods fail at strong coupling
Ç exact diagonalization is not scalable

d d d d d

D D

MATRIX PRODUCT STATE 
[M. C. Bañuls,  Annu. Rev.Condens. Matter Phys., 14, 173-191 (2023).]

Ground state search (DMRG)
and time evolution (TDVP)

Numerical effort 
correlates to 

entanglement

Simulating OQSs and Their Environments with MPSs
4/19

Kick-off Workshop

params

SIMULATING OPEN QUANTUM SYSTEMS



Ç no exact solution in general
Ç perturbative methods fail at strong coupling
Ç exact diagonalization is not scalable

d d d d d

D D

MATRIX PRODUCT STATE 

S
BORN, MARKOV, SECULAR APPROX

LINDBLAD MASTER EQUATION
S

[M. C. Bañuls,  Annu. Rev.Condens. Matter Phys., 14, 173-191 (2023).]

[H. P. Breuer, & F. Petruccione, OUP Oxford (2002).]

E

Ground state search (DMRG)
and time evolution (TDVP)

Numerical effort 
correlates to 

entanglement

Simulating OQSs and Their Environments with MPSs
4/19

Kick-off Workshop

params

SIMULATING OPEN QUANTUM SYSTEMS



Simulating OQSs and Their Environments with MPSs
5/19

Kick-off Workshop

MPS-based methods



Ground 
state  search DMRG
[U. Schollwock, 
Ann. Phys., 326, 
96192 (2011).]

Simulating OQSs and Their Environments with MPSs
5/19

Kick-off Workshop

MPS-based methods



Ground 
state  search DMRG
[U. Schollwock, 
Ann. Phys., 326, 
96192 (2011).]

stop if energy 
change below 
a tolerance

half 
sweep

initial infinite-
size warm-up

Simulating OQSs and Their Environments with MPSs
5/19

Kick-off Workshop

MPS-based methods



Ground 
state  search DMRG
[U. Schollwock, 
Ann. Phys., 326, 
96192 (2011).]

stop if energy 
change below 
a tolerance

half 
sweep

initial infinite-
size warm-up

Time-dependent  
evolution TDVP

[J.Haegeman, et al.,Phys. Rev. 
Lett., 107, 070601 (2011).]

Simulating OQSs and Their Environments with MPSs
5/19

Kick-off Workshop

MPS-based methods



Ground 
state  search DMRG
[U. Schollwock, 
Ann. Phys., 326, 
96192 (2011).]

stop if energy 
change below 
a tolerance

half 
sweep

initial infinite-
size warm-up

Time-dependent  
evolution TDVP

[J.Haegeman, et al.,Phys. Rev. 
Lett., 107, 070601 (2011).]

Ç Bigger time-step 
than ὡ  and ὡ  

Ç Time-step error 
ὕὨὸ

Simulating OQSs and Their Environments with MPSs
5/19

Kick-off Workshop

MPS-based methods

Bond dim
Krylov cutoff



HOW TO MODEL DISSIPATION

Simulating OQSs and Their Environments with MPSs
6/19

Kick-off Workshop



HOW TO MODEL DISSIPATION

Simulating OQSs and Their Environments with MPSs
6/19

Kick-off Workshop



Particle in a 
potential

HOW TO MODEL DISSIPATION

Simulating OQSs and Their Environments with MPSs
6/19

Kick-off Workshop



Particle in a 
potential

Linear coupling 
and dissipation 

HOW TO MODEL DISSIPATION

Simulating OQSs and Their Environments with MPSs
6/19

Kick-off Workshop



Particle in a 
potential

Linear coupling 
and dissipation 

- Bath
- Reversible

- Reservoir
- Irreversible

HOW TO MODEL DISSIPATION

Simulating OQSs and Their Environments with MPSs
6/19

Kick-off Workshop

Caldeira -Leggett 
model



Particle in a 
potential

Linear coupling 
and dissipation 

- Bath
- Reversible

- Reservoir
- Irreversible

HOW TO MODEL DISSIPATION

Simulating OQSs and Their Environments with MPSs
6/19

Kick-off Workshop

Caldeira -Leggett 
model
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linked to the dissipation rates
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Direct access to interactions and bath observables
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2-QUBIT CASE:
OUT OF EQUILIBRIUM - OSCILLATOR

Oscillator behavior 
resembles the qubits one
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OPEN QUANTUM BATTERY

Initial ground state of entire system
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QPT
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