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Abstract

The purpose of this work is to study the dynamics of a spin-1/2 particle in interaction via a colli-
sional model with an environment constituted by a spin chain. The main focus lays in the investiga-
tion of the Landauer bound and of the asymptotic behaviour of the particle dynamics: whether the
system reaches some stationary asymptotic state, whether homogenization to some specific environ-
ment preparation state occurs, and if so under which conditions. Implementing inter-environment
interactions as well, the model allows for the study of memory effects and non-Markovianity.

Introduction:
Collision models for open quantum system dynamics

The quantum mechanical description of individual closed systems has proven to be dra-
matically successful in a wide range of scenarios. In as many situations however, it fails to
provide an accurate picture of the physical situation, since interactions with the surrounding
environment cannot be ignored. The paradigm of open quantum systems therefore considers
an object system S in interaction with some sort of environment £.

Collision models represent a theoretical tool for modelling explicitly various types of multi-

partite environments [1, 2]. S — £ interactions happen through collisions: sequential, ”quick”
interactions between the system and (a part of) the environment.
When there are no £ — E interactions between the environment subparts, the dynamics is
fully Markovian. Otherwise if £ — E interactions are allowed, the dynamics can exhibit a
non-Markovian character [3] characterized by memory etfects and backflow of information
from F to S.

Dynamical model

In our model we consider a spin-1/2 particle interacting with a “chain” of similar pariticles
in an ordered sequence.
Let our system and environment particles all be governed by a spin-1/2 local Hamiltonian:
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and suppose they interact pairwise via a Heisenberg Hamiltonian:
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At each iteration, the system interacts with a new, fresh environment particle, which is then
discarded afterwards.
All environment particles are initially in a thermal state pg — ¢ PHe 'Tr(e=PHE), with some

noise introduced as gaussian fluctuations in the inverse temperature 5.
The full dynamics is governed by H = Hg + Hp + Hint :

(
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At each interaction, the marginal states p;j .1 and Pgost of the system and environment par-

ticles respectively are computed.
In can be shown that when all the environment particles are prepared in the same thermal
state pg , the dynamics allows for a unique stady state, the very same pg . |H, pg ® pg | =0.
Interenvironment interactions, when present, would occur alternatively to system-
environment collisions, in exactly the same way.
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Thermodynamics

Given the marginal states, at each iteration step we can compute:
o the system Von Neumann entropy: S, = —Ir (pg log ,0,;5; ), AS,=S5,—5,1
o the new system Internal energy: AE; = Tr((p5 — p>_)Hg)

o the Heat Dissipated into the environment: AQY = Tr(( Pgost -~ pg VHp)

e the Work done by the system: W), = AQ,, — AE),

If the interaction does not conserve the local energies, i.e. |[H, Hy+ Hg| # 0, then work is
done on/by the system.
The following figures show two examples with a non-interacting environment:
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In addition, we investigate whether the Landauer bound AQ) > BAS, recently also re-
formulated on a quantum statistical-mechanics ground [4, 5], is satistied by the model.
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Asymptotic behaviour - Markovian dynamics

For small fluctuations of 5, the system homogenizes to the average environment state (pp)
A ”chaotic” behaviour emerges instead for large flucuations:
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The asymptotic fluctuations are measured through the fluctuations in the system Bloch vec-
tor modulus and in the system state trace-distance from the average environment state.

We investigate further this “chaotic” behaviour by quantifying the spread in the cloud of
points in the fluctuation/fluctuation graphs:
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The “chaoticity” shows a peak against the environment frequency w,, whereas it is almost
flat with that of the system ws.

Conclusions

In this work, we study numerically collision model for a spin-1/2 particle interacting with
similar particles, with particular focus to the exploration of the asymptotic dynamics and of
the thermodynamics in a noisy environment, in the Markovian regime.

A surprising character of “chaoticity” emerges in the asymptotic dynamics. We provided
some hints of its dependency on the temperature and on system/environment frequencies.
The process is however still unclear.

To which extent similar features also manifest in the non-Markovian case, and what other
scenarios are opened by this dynamics, is the object of currently onging work.

References

[1] R. McCloskey, M. Paternostro, Non-Markovianity and System-Environment Correlations in a microscopic colli-
sion model, Phys. Rev. A 89, 052120 (2014)

[2] F. Ciccarello, G. M. Palma, and V. Giovannetti, Collision-model-based approach to non-Markovian quantum dy-
namics, Phys. Rev. 87, 040103(R) (2013)

[3] H. P. Breuer, E. M. Laine, J. Piilo, B. Vacchini, Non-Markovian dynamics in open quantum systems,
arXiv:1505.01385

[4] D. Reeb and M. M. Wolf An improved Landauer Principle with finite-size corrections, New ]. Phys. 16 (2014)
103011

[5]]. Goold, M. Paternostro, K. Modi, A non-equilibrium quantum Landauer principle, Phys. Rev. Lett. 114, 060602
(2015)

Acknowledgements

Y. Omar and M. Pezzutto thank the support from Fundagdo para a Ciéncia e a Tecnologia (Portugal), namely
through programmes PTDC/POPH/POCH and projects UID/EEA /50008/2013, IT/QuSim, partially funded
by EU FEDER, and from the EU FP7 project PAPETS (GA 323901).

M. Paternostro acknowledges the EU FP7 grant TherMiQ (Grant Agreement 618074), the John Templeton
Foundation (Grant No. 43467), and the UK EPSRC (EP/M003019/1).

M. Pezzutto acknowledges the support from the DP-PMI and FCT (Portugal) through scholarship
SFRH/ /BD/52240/2013.

The support from COST Action MP1209 Quantum Thermodynamics is also acknowledged.

TECNICO
LISBOA

FCT PhD
PROGRAMMES

U

- 2



