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I. INTRODUCTION

The emerging field of quantum thermodynamics aims
to extend basic concepts of thermodynamics at the
nanoscale. Indeed lowering the dimension of a system,
fluctuations and quantum effects become crucial and clas-
sical thermodynamics cannot be simply applied. The
question of how a small system exchanges heat and en-
ergy with a bigger one is very important both from tech-
nological and fundamental point of view. A deep under-
standing of heat exchange at the nanoscale is necessary in
view of the realization of quantum devices such as quan-
tum heat engines which could have great technological
impact. Despite much recent efforts, the thermodynam-
ics of quantum systems is still poorly understood, at least
when compared to its classical counterpart. Here we aim
to go a step forward towards a microscopic and rigorous
description of heat exchange in quantum system.

II. PATH-INTEGRAL APPROACH

We consider a quantum system coupled to a thermal
reservoir and the energy flows between them. Starting
from very few and plausible assumptions, we approach
the problem with the path integral technique. In this
framework we can write a general heat influence func-
tional which embodies all the dissipative mechanisms and
allows us to study heat processes.
We present the exact formal solution for the moment gen-
erating functional which carries all statistical features of
the heat exchange process for general linear dissipation.
We derive an exact formal expression for the transferred
heat and applied this formalism to the dissipative two
level system. We show that the difference between the
dynamics of the heat transfer and the dynamics of the
reduced density matrix (RDM) is an additional time-
nonlocal correlation function which correlates interme-
diate states of the RDM with the final state.

III. APPLICATION TO THE TWO LEVEL
SYSTEM

As an application, we concentrate on a two level sys-
tem, described by the Hamiltonian

HS = −Δ

2
σx − ε(t)

2
σz (1)

where Δ is the tunneling amplitude and ε(t) describe
a generic time-dependent external bias. The two level
system is coupled to a thermal bath and we calculate,
by means of the heat influence functional, the average
heat and the heat power exchanged between them.

To investigate the potential of the present method, we
calculate the dynamics of the average heat power and av-
erage heat in analytic form for weak Ohmic dissipation
both in the Markovian regime relevant at high temper-
atures and in the non-Markovian quantum noise regime
holding when temperature is of the order of the level
splitting Ω or lower. In the latter regime, the heat is
represented by a convolution integral which involves the
population and coherence correlation functions of the dis-
sipative two level system and the polarization correlation
function of the reservoir. In particular we arrive to the
compact form:

〈P (t)〉 = πK

2
δ2 − Δ

2

∫ t

0

dτ L′(τ)

(
〈σx(t− τ)〉s 〈σz(τ)〉s−〈σz(t− τ)〉a 〈σx(τ)〉a

− p0
[〈σx(t− τ)〉a 〈σz(τ)〉s−〈σz(t− τ)〉s 〈σx(τ)〉a

] )

+
tan(πK)

2

∫ t

0

dτ L′(τ)
d〈σz(τ)〉s

dτ
.

(2)
We find that the heat transfer receives contributions

both from singularities related to the system dynam-
ics and from Matsubara singularities resulting from the
system-reservoir correlations. The latter yield significant
contributions in the quantum noise regime while they are
absent in the Markovian regime. Representative example
for the average heat power are given in Fig. (1).

Altogether we have achieved a complete description of
the dynamics of the heat transfer for weak damping rang-
ing from the classical regime down to zero temperature.
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FIG. 1. Time evolution of the average heat power for the two
level system. Here we show that at low temperatures quantum
noise effects play a significant role in the system dynamics.

1 M. Esposito, U. Harbola, and S. Mukamel Rev. Mod. Phys.
81 1665 (2009).

2 M. Campisi, P. Hänggi, and P. Talkner Rev. Mod. Phys.
83 771 (2011).

3 R. Dorner, S. Clark, L. Heaney, R. Fazio, J. Goold, and V.
Vedral Phys. Rev. Lett. 110 230601 (2013).

4 P. Solinas, D. V. Averin, and J. P. Pekola Phys. Rev. B 87
060508(2013).

5 U. Weiss Quantum dissipative systems, 4th edition, (World
Scientific, Singapore) (2012).

6 M. Carrega, P. Solinas, A. Braggio, M. Sassetti, and U.
Weiss Arxiv/cond-mat:1412.6991 (2014).

UPON 2015, BARCELONA, JULY 13-17 2015 2


