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Open vs closed quantum systems

Closed quantum
systems
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Open vs closed quantum systems

von Neumann dps(t) :
equation: At — _Z[H(t)a pS(t)]

Closed quantum
systems

EY  ps(t) = U)ps(0)U ()]

dynamics:

2

Universita di Pavia Gaia Candreva



Closed quantum
systems

Open quantum
systems

Universita di Pavia

Open vs closed quantum systems

equation:

Unitary
dynamics:

von Neumann dps(t)

dt

= —i[H(t), ps(t)]
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Open vs closed quantum systems

von Neumann dps(t) :
equation: At — _Z[H(t)a pS(t)]

Closed quantum
systems

EY  ps(t) = U)ps(0)U ()]

dynamics:

Open quantum More degrees of freedom to describe
systems S ' I - the formalism is not immediate
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Lindblad master equations

reduced dynamics:

SO _itHy(6) + Hus(®), p5(0) + Dilps(t)

UNITARY CONTRIBUTION

Dilps(t)] = ) m(t) (Sk(t)ps(t)sl(t) - %{Sl(t)Sk(t),ps(t)}) 7k(t) €R DISSIPATOR
k
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Lindblad master equations

reduced dynamics:

SO _ilHs(6) + Hus(®), p5(0) + Dilps(t)

S
[

UNITARY CONTRIBUTION

= Y0 ) (51050510 - ${S[OSO.ps0})  WOER  DISSIPATOR

Needed approximations:
Weak coupling Markov approximation

Born approximation , ,
Secular approximation
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Collision models

S

—
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Collision models

ps(T) = Tr4[U(T)(ps(0) ® pa(0))U(T)1)]
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Collision models

ps(T) = Tr4[U(T)(ps(0) ® pa(0))U(T)1)]
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Collision models

—>

® e
—

psa(21) = U(1)(ps(0) ® pa(0))U(7)’
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Collision models

T—0
gl > 1

Taylor expansion at 2" order I

dp;t(t) = —i|Hg, ps(t)] + Dlps(t)] 4
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Collision models

1) Simple structure
2) No weak coupling, secular
approximation
0 0o

Ciccarello, Francesco, et al. Physics Reports 954 (2022): 1-70.
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Collision models

1) Simple structure

2) No weak coupling, secular
approximation

3) Versatility:
e adding coherence v ‘

Q
a* 0

Ciccarello, Francesco, et al. Physics Reports 954 (2022): 1-70.

0) = pY4 +¢
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Collision models

1) Simple structure

2) No weak coupling, secular
approximation

3) Versatility:

e adding coherence ‘

e memory effects

Ciccarello, Francesco, et al. Physics Reports 954 (2022): 1-70. 5
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Collision models

1) Simple structure

2) No weak coupling, secular
approximation

3) Versatility:
pa(T)

‘ g P A0

e adding coherence
e memory effects

e more that one bath

Ciccarello, Francesco, et al. Physics Reports 954 (2022): 1-70. 5
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Collision models

1) Simple structure

2) No weak coupling, secular
approximation

3) Versatility:

e adding coherence
e memory effects
e more that one bath

e multi-partite system

Ciccarello, Francesco, et al. Physics Reports 954 (2022): 1-70. 5
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Heisenberg spin ring

Guarnieri, et al. Physical Review
A 106.2 (2022): 022209.

Hamiltonian:
Hior = I‘-}S + I‘{SA(t) + Hy
On-site energy On-site energy
+ interaction between sites (environment)

Campbell et al. New Journal of
Physics 27.2 (2025): 02300L1.

Interaction Hamiltonian

Random 0
arrival time ?

Hsa(t) =Y g(ot)o8”) + o) oi)0(t — 0,)0(0, + 7 — 1)
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Dynamics of the N=4 ring
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Dynamical symmetries

Non decaying
generalised

eigenvectors

4

Im(\)

Steady state

~
~~~-
--—-

38
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Dynamical symmetries

n—

(O(nt)) —— roTr[n0] + Y e tro Tr[OZ41] + h.c.

ps(t) = A¢|ps(0)]

Re())
1

Steady state

38
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Dynamical symmetries

Guarnieri, et al. Physical Review
A 106.2 (2022): 0222009.

n—

Im()) (O(nt)) i rol'r|n0O| + Z eiw“traTr[OEan] + h.c.

ps(t) = A¢|ps(0)]

Re())
1

Steady state

n repetitions

ps(nt) = [A¢]"[ps(0)]

Only the generalised eigenvectors in the peripheral spectrum survive
8
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Summary of preliminary results

1) Robustness to temperature
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475

Information about
the TEMPERATURE

B=7.0 —— B=10.0
—— B=80 —— B=100.0

Can be used as a CLOCK
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2) Different dynamical configurations
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Summary of preliminary results

1) Robustness to temperature
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2) Different dynamical configurations

3) Characterisation of the thermodynamic cost
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New questions
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New questions

What about TRANSPORT
PROPERTIES between two thermal
baths?
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New questions

R

What about TRANSPORT What happens when we scale up the system?
PROPERTIES between two thermal

baths?

soeelen  ndn o
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New questions

R

What about TRANSPORT What happens when we scale up the system?
PROPERTIES between two thermal

baths?

soeelen  ndn o

PROBLEM: Computational complexity is too high
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Tensor networks - graphical representation

Basic elements

Number

Universita di Pavia
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Tensor networks - graphical representation

Basic elements

Number
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Vector

U;
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Tensor networks - graphical representation

Basic elements

Number
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Vector

U;

Matrix

M,
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Tensor networks - graphical representation

Basic elements

Number Vector Matrix Tensor
V; - i k...
a t MZ’J Tl,m,n...
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Tensor networks - graphical representation

Basic elements

¢ o o M

Number Vector Matrix Tensor
V; . 1,7,k,...
a /) M 1,] Tl,m,n...

Basic operation: contraction

J
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Tensor networks

Generic quantum state: [1)) = Z Varg.an....an |1y 02y -« s AN)

a1,09,...,X |y \
Exponential scaling —
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Tensor networks

Generic quantum state: [1)) = Z Varg.an....an |1y 02y -« s AN)

a1,009,..., Ny \
Exponential scaling —
It is possible to use SVD to add an internal leg and obtain a MPS ' = ‘- D -‘
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Tensor networks

Generic quantum state: [1)) = Z Varg.an....an |1y 02y -« s AN)

a1,009,..., Ny \
Exponential scaling —
It is possible to use SVD to add an internal leg and obtain a MPS ' = ‘- D -‘
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Tensor networks

Generic quantum state: [1)) = Z Vo omon |01 A2y« « oy ON)

a1,009,..., Ny \
Exponential scaling —
It is possible to use SVD to add an internal leg and obtain a MPS ' = ‘- D -‘
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Tensor networks

Generic quantum state: [1)) = Z Vo omon |01 A2y« « oy ON)

a1,009,..., Ny ‘\
Exponential scaling —
It is possible to use SVD to add an internal leg and obtain a MPS . = ‘- D -‘
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Tensor networks

The gain comes from the physics itself!

- O-0-O-0-0O-
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Tensor networks

The gain comes from the physics itself!

Q_Q_Q : : : : Typical Hamiltonian terms:

Schollwock Annals of physics
326.1 (2011): 96-192.
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Tensor networks

The gain comes from the physics itself!

Q_Q_Q : : : : Typical Hamiltonian terms:

Schollwock Annals of physics
326.1 (2011): 96-192.

This automatically limits entanglement growth across sites in the lattice » it is
possible to identify

TOTAL Hilbert space
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Tensor networks

The gain comes from the physics itself!

O_Q_Q_Q_Q Typical Hamiltonian terms:

Schollwock Annals of physics
326.1 (2011): 96-192.

This automatically limits entanglement growth across sites in the lattice » it is
possible to identify

RELEVANT PORTION of the

TOTAL Hilbert space Hilbert space
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Tensor networks

MPS
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Tensor networks

MPS

MPO
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Tensor networks

MPS

MPO

\1/

Adding some more tools |:|
(thankfully) provided by the
ITensor library ﬂ
Matthew Fishman, et al. SciPost Phys. Codebases 4 (2022) 14
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Tensor networks

- 9990 ¢

MPO

0.10 } 4 .
| site 3

0.05 |‘|

\1/ |

. ogo b |1y P - -
Adding some more tools TS

(thankfully) provided by the l:l % o0s |
ITensor library ﬂ o

=015

(3)
z )

Matthew Fishman, et al. SciPost Phys. Codebases 4 (2022) ‘5' T 20 5 C z 14

time

Universita di Pavia Gaia Candreva



Problem: matter exchange

Collision models:
( good description of the dynamics
T . . -
/ successful at capturing energy

exchanges

15
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Problem: matter exchange

Collision models:

good description of the dynamics

successful at capturing energy
exchanges

v
M ? ® .

Problem: can systems that exchange particles be characterised?
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Clustering collision models

Attachment ,05('7') — .Ap O f[pS(O)}

030
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Clustering collision models

Attachment  pg(7) = A, 0 §[p5(0)] A = pT+(1—p) T

°oeo ode
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Clustering collision models

Attachment ,05(7') — Ap O f[PS(O)} = pL —|— 1 —

ooeo .3‘. .3.
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Clustering collision models

Attachment ,05(7') — Ap O f[PS( )} = pL —|— 1 —

ooeo .3‘. .3.

Detachment pPS t() + ’7') p © A Of PsS tO

Universita di Pavia Gaia Candreva

16



Clustering collision models

Attachment ,05(7') — Ap O f[PS( )} = pL —|— 1 —

ooeo .3‘. .3.

Detachment pPS t() + ’7') p © A Of PsS tO

3y - ok
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Clustering collision models

Attachment ,OS p O f[PS( )} = pL —|— 1 —

.3. .3‘. .3.

Detachment pPS t() + ’7') p © A Of PsS tO

R
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=pL+(1—p
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Stabilising number of auxiliary units

Question: how do we define the probabilities in the stochastic operators?

attachment vs detachment probability

1.0
- attach
-~ === detach
0.8
20.61
B
(0]
0
@]
S 0.4 1
0.2 1
0.0 :
0 2 4 6 8 10 12

attached units

17

Universita di Pavia Gaia Candreva



Stabilising number of auxiliary units

Question: how do we define the probabilities in the stochastic operators?

Lo attachment vs detachment probability number of attached ancillas-gs
—— attach
- === detach 5 -
0.8
0.6 ]
5 U
© -
5 ’“'
S 0.4 1 o 3 -
0.2 1 7
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n_coll

17

Universita di Pavia Gaia Candreva



Non-Markovianity in CluCMs

How do we distinguish two One answer iIs TRACE DISTANCE

gquantum states?

1
D(p,) = > lp—oll;
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Non-Markovianity in CluCMs

How do we distinguish two One answer iIs TRACE DISTANCE

guantum states? 1
D(p,0) = 5|lp—ollx
2
Standard Lindblad dynamics:
trace distance
10 < beta 0.1
beta 0.2
beta 0.5
0.8 A : beta 1.0
—— beta 2.0
" —— beta 5.0
% 0.6 1
% 0.4 A
0.2
0.0 A1
0 10 20 3!0 40 50
n coll
18
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Non-Markovianity in CluCMs

How do we distinguish two One answer iIs TRACE DISTANCE

guantum states? 1
D(p,0) = 5llp ol

Standard Lindblad dynamics: CluCM dynamics:

trace distance

trace distance
1.0 A beta 0.1
1.0 A beta 0.1 beta 0.2
beta 0.2 beta 0.5
beta 0.5 . . beta 1 0
0.8 1 |
0.8 1 - beta 1.0 —— beta 2.0
—— beta 2.0 —— beta 5.0
° —— beta 5.0 8
(W] C 0.6
C 0.6 1 S
+ v
L) go]
= o)
g O 0.4
O 0.4+ o
j - )
4
0.2 A 0.2 1
0.0 1 0.0 A
0 10 20 30 40 50 0 10 20 30 40 50
n coll n coll
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A second detachment mechanism: natural decay

(ke
k!

Introducing an average lifetime for the auxiliary units attached to the )\(l k) _
cluster: ’

19
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A second detachment mechanism: natural decay

k_—l
Introducing an average lifetime for the auxiliary units attached to the )\(l k) _ ["e
cluster: ’ k!

BLP

— lifetime 0.5
— lifetime 0.8
2.5 4+ — lifetime 0.9
— lifetime 1.2

—— lifetime 1.5

—— lifetime 2

——— lifetime 10
lifetime 100
lifetime 1000

2.0

1.5 1

blp

1.0

0.5 1

0.0 1
Laineet al. Physical Review A—Atomic, Molecular, and 5 1 5 3 4 5

Optical Physics 81.6 (2010): 062115. beta
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Summary and conclusions

Heisenberg spin ring Clustering collision models

v’ Dynamics and thermodynamics v Dynamics of the cluster

-
oo ol o

J TN version of the system

“ Goal: fully characterising
energy exchanges
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