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1 Prologue

1.1 Thermodynamics - The theory of heat and work

Thermodynamics is the phenomenological theory describing the energy conversion of heat and
work. The Scottish physicist Lord Kelvin was the first to formulate a concise definition of ther-
modynamics when he stated in 1854 [Tho82]:

Thermodynamics is the subject of the relation of heat to forces acting between con-
tiguous parts of bodies, and the relation of heat to electrical agency.

At its origins the theory of thermodynamics was developed to understand and improve heat en-
gines. Hence, special interest lies on the dynamical properties of energy conversion processes.
However, the original theory was only able to predict the behavior of physical systems by con-
sidering their macroscopic state functions (such as entropy, temperature, pressure or volume).

Equilibrium and nonequilibrium processes

A system is considered to be in a stationary state, if all relaxation processes have come to an end.
Moreover, thermal equilibrium is characterized as a stationary state in which all thermodynamic
properties of the system of interest are time-independent. If the physical system changes very
slowly, and, hence, the system is in an equilibrium state at all times, the process is considered
to be quasistatic. All real physical processes, however, contain nonequilibrium contributions.
A thermodynamic system is out of equilibrium, if the system is time-dependent or fluxes are
present. Due to the importance of mass or energy fluxes at the system’s boundaries, it is not
possible to apply the thermodynamic limit. Especially for small system sizes it becomes neces-
sary to describe the dynamical properties including thermal fluctuations.

Quantum thermodynamics

The modern trend of miniaturization leads to the development of smaller and smaller devices,
such as nanoengines and molecular motors [CZ03, Cer09, HM09]. On these very short length
scales, thermal as well as quantum fluctuations become important, and usual thermodynamic
quantities, such as work and heat, acquire a stochastic nature. Moreover, in the quantum regime
a completely new theory had to be invented, since classical notions of work and heat are no
longer valid [LHO7]. The present thesis contributes to this prevailing field by the research for
analytical expressions of the nonequilibrium entropy production in open and closed quantum
systems. Complementary to other publications [TH09a, TH09b, CHO09] our approach deals with
the reduced dynamics of the system only. We are motivated by an experimental point of view
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in the sense that the system under consideration can always be separated into an accessible sub-
system and the environment. Since, generally, the environment can be arbitrarily large, e.g. the
universe, it is usually not experimentally controllable. Hence, the present thesis is interested in
the thermodynamic properties of the reduced system only. To this end, we will have to deal with
methods and quantities of statistical physics, conventional thermodynamics, quantum informa-
tion theory and the theory of open quantum systems.

1.2 Organization of the thesis

The scope of the present thesis is to draw a bow over a wide range of coupling strengths of a
quantum system to its thermal surroundings. Therefore, we start with an introductory chap-
ter 2, in which we summarize the main developments in recent statistical physics for classical
systems arbitrarily far from equilibrium. In particular, we will briefly summarize the notion of
fluctuation theorems [CM93, Jar97, Cro98, HS01, Sei05] and a couple of exemplary derivations.

Then, we will turn to quantum systems and discuss in chapter 3 the dynamical properties
of isolated quantum systems. Chapter 3 presents a detailed analysis of quantum peculiarities,
which will have a notable impact on the thermodynamics properties discussed in the succeeding
chapter. In particular, chapter 3 focuses on the description and implications of the dynamics of
quantum systems. To this end, we will see that a geometric approach [Rup95] and the definition
of statistical distances [Woo81] capture the dynamical properties. Moreover, we will propose
an appropriate measure to quantify how far from equilibrium an arbitrary process operates in
terms of the time averaged Bures length [Bur68, Bur69]. The definition of the Bures length will
also serve as our starting point for the derivation of the generalized Heisenberg uncertainty
relation [MT45, ML98, LT09]. We will derive the minimal time that an isolated quantum system
needs to evolve from one state to another.

In chapter 4 we turn to a thermodynamic discussion of isolated quantum systems. Quantum
mechanical work and heat, however, are not given by the eigenvalues of Hermitian operators
[LHO7]. Hence, we will have to deal with the quantum probability distributions of work and
heat. It will turn out that the irreversible entropy production can be written as a relative entropy
[Kul78, Ume62] between the current, nonequilibrium state and the corresponding equilibrium
one. This identification will lead to a generalized Clausius inequality, where we will find a sharp
lower bound for the irreversible entropy production in terms of the Bures length. Further, com-
bining the quantum speed limit from chapter 3 with the analytic expression for the entropy pro-
duction we will derive the maximal rate of entropy production in an isolated quantum system.
The latter is a mere quantum result and a generalized version of the Bremermann-Bekenstein
bound [Bre67, Bek74, Bek81, BS90]. This bound is an upper limit on the entropy, or information,
that can be contained within a given finite region of space which has a finite amount of energy.
In information theory this implies that there is a maximum rate of communication along a given
channel. The chapter will be completed by illustrating the rigorous results with the help of the
parameterized harmonic oscillator [Def08]. The latter model is the paradigm for an experimental
verification of our generalized expressions of the second law of thermodynamics in modulated,
cold ion traps [SSKO8].

The next chapter introduces the quantum heat bath to the earlier considerations. We will
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analyze a quantum system coupled to an ensemble of harmonic oscillators usually called the
Caldeira-Leggett model [CL81, CL83]. In contrast to the classical case, it is still an unsolved
problem how to derive general expressions of the second law of thermodynamics for a reduced
quantum system with arbitrary coupling to its environment. To illustrate the difficulties we
will discuss the quantum Langevin equation. Nevertheless, we will be able to derive a closed
expression for the irreversible entropy production by making use of solely thermodynamic argu-
ments. It can be shown that this entropy production is the integral version of the instantaneous
rate earlier derived in [Spo78, Lin83, Bre03]. Moreover, our expression of the entropy produc-
tion fulfills an integral fluctuation theorem generalizing the universal form to quantum systems
[Sei08]. For the sake of completeness we present, finally, a couple of quantum master equations
[Lin76, CL83, PZ92] and their range of applicability.

In a last chapter 6 we complete the discussion by turning to the strong damping regime. For
high friction coefficients a semiclassical description becomes possible, where the reduced dy-
namics of the quantum system are described by means of a quantum Smoluchowski equation
[PGO1, Tu04, TMO07, DL09]. Quantum effects manifest themselves as additional quantum fluctu-
ations, and, hence, an effective diffusion coefficient. We will derive Crooks and Jarzynski type
fluctuation theorems by making use of a Wiener path integral representation of the solution of
the evolution equation [GG79, CJ06]. Again, we will be able to propose a physical system for
the experimental verification of our analytical predictions. In the case of high damping Joseph-
son junctions are a possible choice. To prove the applicability of the quantum Smoluchowski
equation we will suggest the measurement of the I-V characteristics, before we will propose a
possible measurement procedure.

In the present thesis analytical expressions for the irreversible entropy production of a quan-
tum system undergoing arbitrary nonequilibrium processes are derived for almost all kinds of
couplings to a thermal environment. We start with isolated dynamics and increase the friction
coefficient to continuously reach the high damping regime in the last chapter.

For the sake of simplicity of notation we will use units where the Boltzmann constant kg = 1
throughout the present thesis. Hence, B = 1/T, will synonymously denote the inverse temper-
ature and the inverse thermal energy. Moreover, we will use the shorthand notation d, and o,
for the total and partial derivative with respect to x, respectively.
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2 Classical systems far from equilibrium

Thermodynamics is a phenomenological theory, whose original goal was the understanding and
improving of heat engines. However, it turned out to be one of the most powerful concepts ex-
plaining physical systems from chemical reactions to black holes. Its basic structure is set on
two fundamental laws: the first law of thermodynamics or law of conservation of energy, and
the second law of thermodynamics or entropy law. The french engineer Sadi Carnot is consid-
ered as the inventor of thermodynamics. In is most famous publication [Car24] he proposed
the first systematic treatment of work and heat. He was the first to formulate the second law
explaining practical experience of the construction of heat engines. To this end, he invented par-
ticular engines working in reversible cycles. In honor of his contribution the heat engine with
the highest efficiency is still called Carnot engine. Several years later Rudolf Clausius restated
Carnot’s theory in a mathematical formulation [Cla64]. The first law expresses that the change
in internal energy, AE, of a thermodynamic system is given by the sum of work, W, performed
on the system and the heat, Q, transferred from the environment,

AE =W +Q. (2.1)

The latter Eq. (2.1) is a reformulation of the mechanic concept of the law of conservation of en-
ergy. It was one of the major developments to recognize the heat, Q, as an energy form contribut-
ing to AE. The key quantity of thermodynamics, however, is given by Clausius” formulation of
the second law. Like work, heat is a process dependent quantity and involves details of the
change of all internal degrees of freedom. Clausius proved that there is a quantity measuring
the heat, which merely depends on the initial and final state of the system, the entropy S. Fur-
thermore, the entropy change, AS, for the thermodynamic system under consideration is always
larger than the heat exchange with its surroundings. The second law can, then, be expressed as,

AS > BQ, (2.2)

where f is the inverse temperature. The latter Clausius inequality (2.2) is generally valid for ir-
reversible as well as for reversible processes and for isolated as well as for open systems. The
equality sign is only reached for processes in which the system is in an equilibrium state for all
times. Such quasistatic processes are reversible and the only ones fully describable by means of
conventional thermodynamics. For nonequilibrium, irreversible processes the inequality (2.2)
still holds. However, an inequality is always less informative than an equality. Hence, thermo-
dynamics has to be extended in order to fully describe nonequilibrium situations. The purpose
of the present chapter is to introduce recent results and methods of nonequilibrium thermody-
namics. Furthermore, we discuss statistical approaches and generalizations of the second law.
Here, we concentrate on classical systems before we move to the quantum regime in the follow-
ing chapters.



2 Classical systems far from equilibrium

2.1 Entropy production in the linear regime

Let us start with an extension of thermodynamics to the linear regime. Here, linear regime means
that the system under consideration stays close enough to equilibrium that in a first order ap-
proximation the microscopic dynamics are locally describable by equilibrium processes. The
nonequilibrium phenomena under consideration are e.g. relaxation or heat conduction. The
first complete description was introduced by Lars Onsager [Ons31a, Ons31b] and further elab-
orated by Ilya Prigogine [Pri47] and Ryogo Kubo [Kub57]. Moreover, a lucid treatment can be
found by de Groot and Mazur [dGM84].

A systematic thermodynamic scheme for the description of nonequilibrium processes must
also be built on the first (2.1) and second law (2.2). To extend the formulation to irreversible
processes, however, it is necessary to restate these laws in a way suitable for this purpose. In
the following, we mainly concentrate on the second law, since the conservation of energy can be
taken for granted even in nonequilibrium situations. First, we reformulate the Clausius inequal-
ity (2.2) with the irreversible entropy change, AS;;, as an equality,

AS = ASi; + ASye, (2.3)

where the reversible entropy change is given by the heat exchanged with the environment,
ASie = BQ. Accordingly, the second law (2.2) translates into,

Asil‘ 2 0/ (2‘4)

which is easily understood by considering particular processes, where the total heat exchange
vanishes, e.g. for isolated systems or cyclic processes. Moreover, the irreversible part of the en-
tropy change, AS;;, has to be zero for reversible, equilibrium transformations of the system. In
the following, the latter Eq. (2.4) will be called synonymously Clausius inequality. The reversible
part, AS;e, on the other hand, may be positive, zero or negative, depending on the interaction of
the system with its surroundings. Conventional thermodynamics is concerned with the study
of reversible transformations. The thermodynamic description of irreversible processes, how-
ever, is interested in the relation of the quantity AS;, and various irreversible phenomena, which
may occur inside the system. Before calculating the irreversible entropy production in terms of
the quantities which characterize the irreversible phenomena, we rewrite Egs. (2.3) and (2.4) in
terms of extensive properties, as mass and energy. For extensive properties the densities, p, are
continuous functions of space coordinates and we, hence, write,

%4

s = /des, (2.50)
Q

diSee = — / A0 Tt (2.5b)
%4

45y = / dVs;. (2.50)

By d; we denote the total derivative with respect to time, p is the continuous, extensive density,
s the entropy per unit mass, V the volume of the system, Ji,+ denotes the total entropy flow per



2.1 Entropy production in the linear regime

unit area and unit time, () is the surface of the system, and, finally, s;; is the entropy source
strength or irreversible entropy production per unit volume and unit time. Thus, Eq. (2.3) can
be rewritten with Egs. (2.5) and the help of the Gaufs’ theorem as,

14
/dV 9: (0) +div Jeoe} —sie ] =0, (2.6)

where 0; is the partial derivative with respect to time. Since Egs. (2.3) and (2.4) hold indepen-
dently of the volume, it follows that

9 (ps) = —div{Jiot} + sir, (2.7a)
siig. = 0. (2.7b)

The latter equations are the local, mathematical formulation of the second law of thermodynam-
ics. Furthermore, (2.7a) is a balance equation for the entropy density, p s, with the positive source
term s;;. For later purpose (2.7a) can be rewritten as [dGM84],

pdis = —div{J} +sir, (2.8)

where the entropy flux J is the difference between the total entropy flux Ji,t and a convective
contribution. For the derivation of Egs. (2.7) it has been implicitly assumed that the macroscopic
Egs. (2.3) and (2.4) remain valid for infinitesimally small parts of the system. This is in agreement
with the assumption that macroscopic measurements on the system are really measurements of
the properties of small parts, which still contain a large number of constituting particles. Hence,
it makes sense to deal with local values of fundamentally macroscopic concepts as entropy and
entropy production.

The main physical concept defining the linear regime is that, although the total system is not
in equilibrium, there exists within small mass elements a state of local equilibrium. For these
small mass elements the local entropy s is functionally defined by a local formulation of the first
law (2.1),

1 p &

dtS = —dte + = dtZ) — Z fk dtxk . (29)

T T =
In Eq. (2.9) we introduced the temperature T, the local energy e, the volume per mass unit v,
the pressure p, and further thermodynamic forces f; according to the extensive quantities xj per
mass unit. The hypothesis of local equilibrium can only be justified by virtue of the validity
of the conclusions derived from it. For particular microscopic models is can be shown that the
relation (2.9) only remains valid, if the system is not foo far away from an equilibrium state. For
most familiar transport phenomena the use of (2.9) is justified. By combining Egs. (2.8) and (2.9)
we obtain an expression for the irreversible entropy production s,

1 n
Sir = div {]} -+ Y (Tdte -+ % dtU — Z fk dtxk> . (210)
k=3

Hence, the irreversible entropy production is given by a total differential in terms of the exten-
sive variables,

sip=div{J} —p ) fdixs. (2.11)
k=1
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Concluding, we remark that the latter expression (2.11) fully describes the nonequilibrium phe-
nomena for processes during which the system stays close to equilibrium. The latter (2.11) is
the starting point of successfully understanding nonequilibrium entropy production and led to
the famous Onsager reciprocal relations [Ons31a, Ons31b]. However, far from equilibrium the
hypothesis of local equilibrium breaks down and a more careful treatment of the microscopic
dynamics becomes necessary.

2.2 Microscopic dynamics

2.2.1 Langevin equation

In the present section we introduce the mathematical description of the microscopic dynamics
of systems coupled to a thermal environment. By deriving the fluctuation-dissipation theo-
rem in 1905 Albert Einstein [Ein05] initiated the modern research of stochastic processes. Three
years later Paul Langevin, a French physicist, proposed a very different, but likewise power-
ful description of Brownian motion [Lan08, LG97]. Both descriptions have been analyzed to be
mathematically distinct. However, they are physically equivalent tools for the study of contin-
uous random processes. The Langevin equation is a Newtonian equation of motion with an
additional force stemming from the environment,

Mi+ Myx+ V' (x)=2¢. (2.12)

By M we denote the mass of the particle, -y is the damping coefficient and V’(x) a conservative
force arising from a confining potential. Thus, the left hand side of Eq. (2.12) is the conventional
Newtonian equation of motion for a particle in a potential. Langevin’s innovation is the exter-
nal force ;. It describes the randomness in a small, but open system introduced by thermal
fluctuations of the environment. Hence, ¢; is a stochastic variable, which is in the simplest ver-
sion assumed to be Gaussian distributed. Usually one considers Gaussian white noise, which is
characterized by a J-correlation,

(&) =0 (2.13a)
(Ge¢s) = 2D6(t—s), (2.13b)

where D is the noise strength, or diffusion coefficient. Despite its apparently simple form the
Langevin equation (2.12) bears mathematical difficulties. Especially the handling of the stochas-
tic force, ¢, led to the study of stochastic differential equations. For further mathematical details
we refer to the mathematical literature [Ris89]. For the present purpose it is sufficient to keep
in mind that the underlying Newtonian equation of motion of a Brownian particle is given by
Eq. (2.12). However, to justify the expression used in the following for the diffusion coefficient
D let us briefly derive the fluctuation-dissipation theorem.

Fluctuation-Dissipation theorem

To this end, we rewrite the Langevin equation (2.12) for the case of a free particle, V(x) = 0, in
terms of the velocity v = x,
Mo+ Myv=2¢;. (2.14)
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The solution of the latter first-order differential equation (2.14) can be evaluated,

vy = v exp (—t) + % / ds¢s exp (—y (t—s)), (2.15)
0

where vy is the initial velocity. Since the Langevin force is of vanishing mean (2.13), the averaged
solution (v;) results in,

(vr) = vo exp (—7t). (2.16)

Moreover, the mean-square velocity < > takes the form,

(v7) = vf exp (—27t) + /d51 /dsz exp (= (t—s1))exp (=7 (t —52)) (5,Gsp) - (2.17)

With the help of the correlation function (2.13) the twofold integral can be written in closed form
and, thus, (2.17) becomes,

D
<v%> = v] exp (—2vt) + TAE (1 —exp (—27t)) . (2.18)

In the stationary state, which is reached for t >> 1, the exponentials become negligible and the
mean-square velocity (2.18) further simplifies to,

D 1

In the long time limit the system relaxes to equilibrium. Thus, we applied for the second equality

in Eq. (2.19) the equilibrium mean-square velocity of the kinetic gas theory. Concluding, we

obtain the fluctuation-dissipation theorem, which relates the external noise strength D with the

internal friction 1,

My
B

The latter was derived earlier by Einstein [Ein05] without knowledge of the Langevin equation
(2.12). Hence, Eq. (2.20) is often synonymously called the Einstein relation.

D= (2.20)

2.2.2 Fokker-Planck equation

The Langevin force, ¢;, with properties (2.13) is a stochastic quantity. Hence, the left hand side of
Eq. (2.12) and, in particular, the position and velocity of the Brownian particle become stochas-
tic, as well. Therefore, the microscopic dynamics of the Brownian particle are equivalently de-
scribed by the evolution equation of the probability tv (x,v,t) to find a particle with a velocity
in the interval (v, v + dv) and at a position in the interval (x, x + dx). Generally, the probability
distribution w (x,v,t) solves a partial differential equation, the Fokker-Planck equation, of the
form,

o (x,0,t) = F(x,0,t) 0 (x,0,t), (2.21)
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where the linear operator F(x, v, t) is given by,

F(x,0,t) = =0, D} (x,0,t) — 9, DY (x,0,t) + 02 Dy (x,v,t) + 02 D3’ (x,0,t)

2.22
+ 049, D37 (x,0,1) + 9,0x D5 (x,0,1) . @22)

In the following, we discuss two simple, one-dimensional examples of Fokker-Planck equations,
namely the Klein-Kramers and the Smoluchowski equation.

Klein-Kramers equation

The Klein-Kramers equation is an equation of motion for distribution functions in position and
velocity space, which is equivalent to the full Langevin equation (2.12). In the one-dimensional
case it takes the form,

Vl
0t = —dy (Vi) + dy <Mm + v m) + ML,B af;m, (2.23)
where v = w (x,v,t). Moreover, we replaced the diffusion coefficient with the help of the

fluctuation-dissipation theorem (2.20). Then, the stationary solution of Eq. (2.23) is given by
a Boltzmann-Gibbs distribution, weq o« exp (—f/2Mv? — BV). The main advantage of the
Fokker-Planck equation (2.23) is that we can compute the entropy production in a specific sys-
tem directly. Let us start with a macroscopic equivalent of the balance equation (2.8),

S=BQ+o;. (2.24)

If the system is initially prepared in an equilibrium state, the entropy can be identified with the
Shannon entropy,

S= —/dx/dvm (x,v,f)Inw (x,0,1). (2.25)

The heat flux, on the other hand, is computed by noting that the internal energy of the system is
given by the mean Hamiltonian, E = (H),

E= /dx/dvm (x,0,t) H (x,0,1) . (2.26)
Hence, the energy flux separates into two terms,
E= /dx/dvrbH—i—/dx/dva
_ . (2.27)
= Q + W,
where we identified the change in the Hamiltonian as work, W. Moreover, the variation of
the probability distribution is given by the evolution equation, and, hence, governed by the

coupling to the environment. Therefore, we identify the term arising from the time dependence
of w (x,v,t) as heat, Q. Concluding, the rate of irreversible entropy production is given by,

Ut:—/dx/dv(mlnm+l*bﬁH). (2.28)

10



2.2 Microscopic dynamics

The latter expression (2.28) can be written with the stationary solution, weq o exp (—pH), of
Eq. (2.23) as,

o = [ dx [dom (lnw ~ Inweg) (2.29)

which reduces for a time independent Hamiltonian, i.e. when no work is performed, to the
negative time derivative of the Kullback-Leibler divergence D(.||.) [Kul78] between the current
state and the equilibrium distribution of the system,

0 = —d, / dx / dow (Inw — Intoeg) = —d; D (10][1weg) - (2.30)

Later, we will derive the quantum generalization of Eq. (2.30) in the weak coupling limit (cf.
subsection 5.2.1). The Kullback-Leibler divergence D (1 ||w>) is a non-commutative measure of
the distinction between two probability distributions tv; and tv,. Moreover, D (toq||w2) > 0 with
equality only for identical densities. Further mathematical properties of the Kullback-Leibler
divergence are postponed to appendix A.1. The latter observation (2.29) is always true, as long
as the stationary solution of the system is given by a Gibbsian. More insight into the dynamics,
however, can be obtained by explicitly applying the evolution equation (2.23) to the expression
for o; in Eq. (2.28). With the help of the normalization of tv, f dx f dvw = 1, it is a tedious but
straightforward calculation to obtain,

2
o = Mlﬁ / dx / do (avm+;:/an) . 2.31)

In the latter equation we derived an exact formula for the rate of irreversible entropy production
for systems whose dynamics are described by the Klein-Kramers equation (2.23). Thus, we
rewrote Eq. (2.11) in a non-local form and generalized the expression in the sense that Eq. (2.31)
is derived from microscopic dynamics. Furthermore, our result in Eq. (2.31) coincides with an
earlier published version in the context of the fluctuation-dissipation theorem [DK97].

Smoluchowski equation

The Klein-Kramers equation (2.23) further simplifies in the limit of high damping. For systems
strongly coupled to the environment the inertial term in the Langevin equation (2.12) can be
neglected. The latter is equivalent to considering the dynamics of the system for very large time
scales. As follows from Eq. (2.16) the relaxation time of the velocity degrees of freedom is given
by 1/ and, thus, the inertial term in Eq. (2.23) becomes negligible for times ¢ > 1/+. For these
time scales the Klein-Kramers equation reduces to the Smoluchowski equation [Dav54] in terms
of the marginal p (x,t) = [dow (x,0,t),

op(x,t) = 'yLM ox [V'(x,t) p(x, t)] + ,B’yLM 2p(x,t). (2.32)

Equivalently to the consideration for the Klein-Kramers equation (2.23) we can compute the
rate of irreversible entropy production (2.28), which simplifies for dynamics described by the
Smoluchowski equation (2.32) to,

o = —/' dx (plnp+ ppv) . (2.33)

11



2 Classical systems far from equilibrium

Combining Egs. (2.32) and (2.33) we obtain with the help of the normalization, f dxp(x,t) =1,
after a few lines of calculation,

. "2
! /dx (9xp + pBV) (2.34)

which is the high damping limit of Eq. (2.31). Our expression (2.34) is the corrected form of the
entropy production identified by Daems and Nicolis [DN99]. In Eq. (15) of [DN99] the Fisher
information, [ dx (E)xp)2 /p (cf. appendix A.2), of the instantaneous probability distribution
is called entropy production. However, the irreversible entropy production has to nullify in
equilibrium. On the contrary the Fisher information of the Gibbs distributions, peq o exp (—BV),
does not vanish, and, thus, an additional term has to be included. One easily convinces oneself
that our expression (2.34) fulfills the second law by being always nonnegative and vanishing in
equilibrium.

The above expressions for the irreversible entropy production (2.11), (2.31) and (2.34) are suffi-
cient to characterize nonequilibrium phenomena. However, the physical relevance is restricted
to situations where the thermodynamic entropy can be identified with the Shannon entropy.
This means explicitly that only system close to equilibrium are describable. The following sec-
tion is dedicated to recently proposed generalizations of the second law, which are valid arbi-
trarily far from equilibrium.

2.3 Generalizations of the second law arbitrarily far from
equilibrium

Almost two decades ago Evans, Cohen and Morris (1993) [CM93] discovered in the context of the
simulation of sheared fluids how to generalize the second law. For small systems the dynamics
are governed by thermal fluctuations and, thus, the second law has to be generalized in terms
of probability distributions. The fluctuation theorems relate the probability to find a negative
entropy production X with the probability of the positive value. They take the general form,

P(Z=—A)

P = A) =exp(—A). (2.35)

The main statement is that the occurrence of negative entropy production for single realizations
of a particular process is exponentially rare. The fluctuation theorem is, hence, the generaliza-
tion of the second law for small systems driven arbitrarily far from equilibrium. In 1995 the
fluctuation theorem (2.35) was proven rigorously for deterministic dynamics [GC95] and later
generalized to stochastic Langevin dynamics [Kur98] and general Markov processes [LS99]. A
Brownian particle dragged in a harmonic potential, for which the fluctuation theorem is sim-
ply derivable [vZC03], was the paradigm for the first experimental verification by Wang et al.
[SE02]. However, Eq. (2.35) bears the disadvantage that one has to identify the entropy pro-
duction in general nonequilibrium systems. More easily accessible is the nonequilibrium work
relation contributed by Jarzynski in 1997 [Jar97],

{exp (—=pW)) = exp (—BAF), (2.36)

12



2.3 Generalizations of the second law arbitrarily far from equilibrium

which relates the nonequilibrium work with the equilibrium free energy difference between
the initial and final state. Note that the system has to start in an equilibrium state, whereas
the final state can be a arbitrarily far from equilibrium. The free energy difference is computed
between the initial state and the equilibrium state into which the system would relax, if it had the
possibility. The Jarzynski equality generalizes the second law in the sense that a formulation of
the second law can be derived from Eq. (2.36). With the help of Jensen’s inequality, exp ((x)) <
(exp (x)), we conclude,

exp (—BAF) > exp (— (BW)), 237)

which is equivalent to,
(W) > AF. (2.38)

The latter equation states that the mean work is always larger than the work performed for
quasistatic, isothermal processes. Thus, the second law is a corollary of the Jarzynski equality
(2.36) or Eq. (2.36) the generalization of the second law to nonequilibrium. Moreover, a first
experimental verification of Eq. (2.36) was proposed by Liphardt et al. [JB02] by stretching RNA-
molecules.

In the rest of the section we discuss simple derivations of the Jarzynski equality (2.36) and
some generalizations. For the sake of clarity we will restrict ourselves to exemplary considera-
tions. However, the relations are universally valid and derivable under fairly universal condi-
tions [Jar08]. In particular the coupling between system and environment can be treated gener-
ally. Furthermore, the system under consideration is driven out of equilibrium by an external
work parameter, «, with Hamiltonian H(«a). Imagine for example a cylinder, whose volume is
varied by moving the piston, or a rubber band, which is stretched. In the following we consider
processes in which the work parameter is changed from an initial value, ag, at t = 0, to a final
value, aq, att = 7.

2.3.1 Jarzynski's work relation

Let us first consider the special case in which the system is thermodynamically isolated from
the environment, while the work parameter is varied from « to a;. The physical situation, that
we have in mind, is a small system very weakly coupled to the environment. Thus, the system
equilibrates with inverse temperature  for a fixed work parameter, «. The time scale of the
variation of the work parameter, however, is supposed to be much shorter than the relaxation
time, 1/ (2.16). Hence, the dynamics of the system during the variation of a can be approxi-
mated by Hamilton’s equations of motion to high accuracy. Specifically, let { = (q, p) denote a
microstate of the system. Thus, { is a point in the many-dimensional phase space, which includes
all relevant coordinates to specify the microscopic configurations q at momenta p. Let H ({; &)
denote the Hamiltonian of the system and the microscopic evolution is then given by,

If the work parameter, «, is not varied, and, hence, the system not perturbed, it equilibrates with
respect to the environment. Its according distribution for fixed « is Gibbsian,

P(G) = o exp (~BH (Ga), (2.40)

o
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2 Classical systems far from equilibrium

where we introduced the partition function Z,, which is associated with the free energy corre-
sponding to the equilibrium state,

Zy = /dg exp (—BH (G;a)), BF, = —InZ,. (2.41)

Now, we consider realizations of the process induced by varying a; over the time interval 0 <
t < 7 corresponding to a specific protocol. Due to the thermal isolation during the process the
work performed, W, is the net change in the internal energy,

W=H (gr (XQ),'Dcl) — H (go,' 060) , (242)

where (; denotes the phase space evolution. Moreover, {; (xg) is the final microstate of the sys-
tem under the condition that it started in x. In order to derive the nonequilibrium work relation
(2.36) we have to compute the average of exp (—BW ({p)) over initial conditions sampled from
the equilibrium distributions at ag,

(exp (—pW)) = [ dZopd (2o) exp (—BW (20) (243a)
— 5 [ 4o exp (~BH (¢ ()a0)) (243b)

1 .| .
7 [ 4 50| e (-BH (o). (2430)

In Egs. (2.43) we substituted Egs. (2.40) and (2.42) in the second line and changed the variables of
integration from {p to {7 (xp) in the third line. Such a change of variables is permitted by the one-
to-one correspondence of initial and final microstates under Hamiltonian evolution. Further,
Eq. (2.43c) simplifies by making use of Liouville’s theorem, which ensures conservation of phase
space volume and we arrive at,

(exp (—pW)) = % /dé} exp (—BH ({r; 7)) = % = exp (—BAF). (2.44)

X0
It is worth mentioning that the Hamiltonian approach invoked the conservation of phase space

volume. The latter derivation of the Jarzynski equality (2.44) is rather restrictive. Therefore, we
discuss in the next subsection a more general approach for stochastic evolution.

2.3.2 Crooks’ fluctuation theorem

Next, let us consider a stochastic approach following Crooks [Cro98, Cro99]. As before we are
interested in the evolution of the system for times 0 < t < 7, during which the work parameter,
«t, is varied according to some protocol. The process, however, is now described as a sequence,
C0,C1, .-, Cn, of microstates visited at times ty, t1, ...,y as the system evolves. For the sake of
simplicity we assume the time sequence to be equally distributed, t, = n7/N, and, implic-
itly, (n;tn) = (Cr; 7). Moreover, the dynamics are describable with the Langevin equation
(2.12) with Gaussian white noise, and, thus, we assume that the evolution is a Markov process:

14



2.3 Generalizations of the second law arbitrarily far from equilibrium

given the microstate (, at time t,, the subsequent microstate {,1 is sampled randomly from
a transition probability distribution, P, that depends merely on (,, but not on the microstates
visited at earlier times than t,, [VK92]. Physically, that randomness arises from the contact with
the environment. The Markov assumption is an equivalent formulation for sequences of the
d-correlation of white noise (2.13). We explicitly exclude memory effects leading to dependence
of the transition probability, P, on more than the last microstate.

Moreover, the transition probability to the next microstate, 1, depends not only on the
current microstate, {,, but also on the current value of the work parameter, «,,. Now, we assume
a detailed balance condition [vK92] for the ratio of a forward process, P ({ — (yn+1;%y), and its
time reversed twin, P ({, < (j+1; &), which reads,

P({ — a)  exp(—BH (¥;a))
P(C+ {;a) exp(—BH(xa))’ (2.45)

When the work parameter, «, is varied in discrete time steps from ag to ay = « as a forward
process, the evolution of the system during one time step is given by a sequence,

forward : (Cnrtn) = (Cnytns1) — (Cnt1, &ns1) - (2.46)

The latter sequence (2.46) represents that first the value of the work parameter is updated and is,
then, followed by a random step taken by the system. A trajectory between initial, {p, and final
microstate, (, is generated by first sampling (o from the initial distribution pig (2.40) and, then,
repeating the sequence (2.46) in time increments, 6t = 7/N. Trajectories of the reverse process
(xp < ar) are analogously generated. However, the starting point is sampled from pf,i? and the
system is first taking a random step and, then, the value of the work parameter is updated,

reversed : (Cn+1,@n+1) < (Cus1,an) < (Cnyotn) - (2.47)

Consequently, the net change in internal energy, AE = H ({n, an) — H ({0, ¢0), can be written as
a sum of two contributions. First, the changes in energy due to variation of the work parameter,

N-1

W =Y [H(xwan)—H(xwan)], (2.48)
n=0

and second, changes due to transitions between microstates in phase space,

N-1
Q=Y [H(xps1;0ns1) — H (xn; ans1)] - (2.49)
n=0

In the latter Egs. (2.48) and (2.49) we already used notation for work, W, and heat, Q. As argued
by Crooks [Cro98] the first contribution (2.48) is given by an internal change in energy and the
second term (2.49) stems from the interaction with the environment introducing the random
steps in phase space. By applying the latter identification of work and heat the first law of
thermodynamics (2.1), AE = W + Q, is formulated in discrete time steps of the microscopic
evolution of the system.
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2 Classical systems far from equilibrium

The probability to generate a trajectory starting in a particular initial state, (o, is given by the
product of the initial distribution and all subsequent transition probabilities,

N-1
PF[E] = Pig (€O) H r (Cn - Cn+l;“n+l) ’ (2.50)
n=0

where the stochastic independency of the single steps is guaranteed by the Markov assumption
and E = ({p — ...(n). Now, we compare the probability of a trajectory = during a forward pro-
cess, PF[E], with the probability of the conjugated path, Et = (o «+ ...{y), during the reversed
process, PR[Z]. The ratio of these probabilities reads,

pF
PR|

N-1
| PR I P (G = Gurniaty, )
1‘] -

J&3)

(2.51)

[x]

N—1 :
Pi? (Cn) 1;[0 p (gn — §n+1;06§,1,n)

In the latter equation the sequence {af,af, ...,k } is the protocol for varying the external work
parameter from ag to ar during the forward process. Analogously, {ocg, ocf, .y ucﬁ,} specifies the
reversed process, which is related to the forward process by,

al =ak . (2.52)

Hence, every factor P ({ — {’;«) in the numerator of the ratio (2.51) is matched by P ({ < {’; «)
in the denominator. Concluding, Eq. (2.51) reduces with Egs. (2.45), (2.48) and (2.52) to [Cro98],

P'[E] Fig

PREH] = OP ([3 (w =] — AP)) , (2.53)
where WF[Z] is the work performed on the system during the forward process. The relation be-
tween WF[Z] and the work performed during the reversed process, WX[Z], reads by Eq. (2.48),

WEE] = —WR[ET] (2.54)

for a conjugate pair of trajectories, Z and Z'. The work distributions, o' and p~, are computed
by integrating over all possible realizations, i.e. all discrete trajectories of the process,

or (4W) = / dz PF(a]s (W — WP [=)) (2.55a)
or (W) = / dz PR[E']s (W + WR(ET) (2.55b)

where dZ = dE' = [],, dx,,. Substituting Eq. (2.53) into Eq. (2.55a),
or (+W) = exp (B (W — AF)) /dE PRE! 8 (W +WRET) (2.56)

it follows the Crooks fluctuations theorem [Cro99],

PR (=W) = exp (=B (W — AF)) pr (+W) . (2.57)
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2.3 Generalizations of the second law arbitrarily far from equilibrium

The theorem in Eq. (2.57) is a detailed version of the Jarzynski equality (2.36), which follows
from integrating Eq. (2.57) over the forward work distribution,

1 :/deR(—W) :/dW exp (=B (W — AF)) pr (+W) = (exp (—B (W — AF))), . (2.58)

The latter nonequilibrium work relations (2.36) and (2.58) are generally valid for all kind of
processes arbitrarily far from equilibrium. However, they are restricted to situations, where the
system starts in a thermal equilibrium state. Thus, we consider in the following subsection the
generalization to arbitrary initial states.

2.3.3 Generalization to arbitrary initial states

After the first verification [SE02] fluctuation theorems have been investigated experimentally in
various nonequilibrium situations [JB02, SE04, TB05, SB06]. The canonical example is a highly
damped Brownian particle in a driven potential. Due to the experimental and theoretical impor-
tance of the strongly damped regime, the overdamped Langevin equation,

Myx+ 0,V (x,a) = ;. (2.59)

with Gaussian white noise, ¢; in Eq. (2.13) and the equivalent Smoluchowski equation (2.32)
have become important tools for the analysis of classical fluctuation theorems. In the following
we use a slightly generalized form of Eq. (2.59),

Myx=5F(x,a)+, (2.60)
where the force § (x, ) may contain nonconservative contributions f (x, «),
1?5' (x, IX) = _axv (x, IX) + f (x, IX) . (261)

As before, « denotes an externally controllable work parameter. Now, the question arises, if the
notions appearing in the first and second law of thermodynamics can be consistently applied to
microscopic nonequilibrium processes like dragging a colloidal particle through a viscous fluid
[SE02].

Stochastic thermodynamics

Concerning the first law (2.1) Sekimoto interpreted the terms in the overdamped Langevin equa-
tion (2.59) in the sense of stochastic energetics or stochastic thermodynamics [Sek98]. To this end, we
rewrite Eq. (2.59),

0=—(-Myx+&)dx+0.:V(x,a)dx, (2.62)

where we separated contributions stemming from the interaction with the environment and
internal variations of the system. Next, we identify the change in internal energy, de, for a single
trajectory, x, with the variation of the potential,

de(x,a) = dV(x,a) = 9,V (x,a)dx + 9,V (x,a)da, (2.63)
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2 Classical systems far from equilibrium

since we are considering overdamped dynamics. Moreover, we identify the external terms in
Eq. (2.62), which are governed by the damping and the noise, as the heat exchanged with the
environment, 6g(x) = (—My x + ¢;) dx. Combining Egs. (2.62) and (2.63) we then obtain,

0= —0dq(x) +de(x,a) — 9,V (x,a)da, (2.64)

which is a stochastic, microscopic expression of the first law, with éw = 9,V (x, «)da. It is worth
emphasizing that the work increment, dw, is given by the partial derivative of the potential with
respect to the externally controllable work parameter, a. This is the only definition of work we
will use throughout the present thesis. For the second law and, in particular, entropy a proper
formulation is more subtle. Usually entropy is considered as an ensemble property measuring
the disorder or information content of a system. Hence, it might be questionable, if the concept
of entropy is assignable to stochastic, single trajectory formulations like (2.64). The fluctuation
theorem (2.57), however, relates the probability of entropy generating trajectories to those of
entropy annihilating ones. Thus, a definition of entropy on the level of single trajectories is
required. The idea of a stochastic entropy was first used by Crooks [Cro99] and later elaborated
by Seifert [Sei05]. For the sake of generality we formulate the Smoluchowski equation (2.32)
corresponding to the general Langevin equation (2.60) including nonconservative forces,

0 [3(,0) p(x, )] + o B 1), (2.65)
where we introduced the stochastic flux j(x,t). In particular, for systems with nonconservative
forcing, f (x,a) # 0, the stationary solution of Eq. (2.65) is not a Boltzmann-Gibbs distribution.
Therefore, the following considerations are completely general with respect to the initial state
of the system. Next, we continue with the observation that in equilibrium the thermodynamic
entropy is given by the Shannon entropy. Thus, we are interested in the dynamics of S;, with

S =— /dxp(x, Hin(p(x,t)), (2.66)

even in nonequilibrium. In the latter Eq. (2.66) p(x, t) is a solution of the Smoluchowski equation
(2.65). The Shannon entropy (2.66), however, takes the form of an average of a quantity s¢, Sy =
(s¢), which can be interpreted as the trajectory-dependent entropy for the particle or system,

st =—In(p(x,t)), (2.67)

. 1
orp(x,t) = —0yj(x,t) = _’Y—M

where the probability p(x, f) is evaluated along the stochastic trajectory x;. Furthermore, for any
given trajectory x; the quantity s; depends on the initial state of the system, from which xg is
sampled. Thus, s; contains information on the whole ensemble. Similarly to above consider-
ations in subsection 2.2.2 we are interested in the rate of entropy change. Here, however, we
concentrate on the dynamics of the stochastic quantity s;. The time derivative of s; reads,

_ap(xt)  dwp(xt)

G = (2.68)
e )
which can be written in terms of the probability flux j(x, ),
. dip(x,t) jlot) :
§p = ————= + M X—bBF(x,a)X. (2.69)
s MG TP
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2.4 Summary

The third term in Eq. (2.69) can be related to the rate of heat dissipated in the medium [Sei05],

Bar = B3(x,a)x (2.70)

Then, Eq. (2.69) can be written as a balance equation (2.24) for the total trajectory dependent
entropy production,
S§ =B+
a t t 2.71

e t) o ih) 71

plet) p(xt)
In Eq. (2.71) we defined a trajectory dependent irreversible entropy production, si¥, which is a
microscopic formulation of the rate of irreversible entropy production, o3, derived in Eq. (2.34).

With the microscopic formulation of irreversible entropy production the fluctuation theorem can
be derived, now.

Integral fluctuation theorem

Next, the fluctuation theorem follows from a path integral analysis of the stochastic dynamics.
Since we propose a more general derivation at a later point in section 6.2, we, here, merely
present the result. It can be shown [Sei05] that the total irreversible entropy production, As;, =
J. OT dtsir, obeys an integral fluctuation theorem,

(exp (—Asi)) =1, (2.72)

generalizing the Jarzynski equality (2.36) to arbitrary, initial states. It is worth emphasizing that
the integral fluctuation theorem (2.72) is truly universal, since it holds for any kind of initial
condition, any time dependence of force and potential, with (for f = 0) and without (for f # 0)
detailed balance at fixed @, and any length of trajectory t without need for waiting for equi-
libration. Moreover, the Jarzynski equality (2.36) is recovered by evaluating As;, for an initial
Boltzmann-Gibbs distribution.

2.4 Summary

In the present chapter we discussed generalizations and extensions of conventional thermody-
namics to various nonequilibrium situations. For classical systems, which obey a local equilib-
rium condition, thermodynamic methods can be extended to derive the irreversible entropy pro-
duction. Further, we summarized properties of the Langevin and the Fokker-Planck equation,
both describing the microscopic dynamics. Especially the Fokker-Planck equations are useful to
obtain an insight into the dynamics of entropy production. Finally, we discussed generalizations
of the second law to systems arbitrarily far from equilibrium. The fluctuation theorems measure,
on the one hand, the exponentially small probability of negative entropy production for single
realizations of a process, and on the other hand, relate the nonequilibrium work with the equi-
librium free energy difference. The present chapter was merely concerned with small, but still
classical systems. Naturally, the question about quantum effects arises when considering smaller
and smaller system sizes. The following chapters are dedicated to various generalizations of the
second law for isolated and thermally coupled quantum systems.
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3 Dynamical properties of nonequilibrium
guantum systems

The preceding chapter introduced and discussed recent generalizations of the second law for
classical systems far from thermal equilibrium. As argued earlier, fluctuations become more im-
portant for smaller and smaller systems under consideration. Hence, the natural question arises,
what changes, if additional to thermal fluctuations quantum uncertainty enters the game. In or-
der to elucidate this issue, the present chapter is dedicated to a geometric approach to driven
quantum systems. For the sake of simplicity, we, here, restrict ourselves to isolated systems,
and, therefore, unitary dynamics,

ih o) = Hy W), (3.1)

with a possibly time-dependent Hamiltonian H;. We start by introducing a natural distance on
the space of density operators. This distance will be illustrated with an application, namely
determining how far from equilibrium the linear regime is valid for a parameterized harmonic
oscillator. Finally, a fundamental implication, the minimal quantum evolution time, the quantum
speed limit, is derived.

3.1 Geometric approach to isolated quantum systems

In an earlier section 2.1 we introduced the linear regime, which is to some extent close to equilib-
rium. Processes not describable by means of linear response theory are usually called far from
equilibrium. It would be desirable to define the expression far more precisely than merely not
being in the linear regime. Thus, the present chapter is dedicated to a geometric approach of
distinguishing quantum states. By defining a physically meaningful measure we will be able
to determine the distance between nonequilibrium and equilibrium states of quantum systems.
Let us start with pure states in subsection 3.1.1 and later generalize to arbitrary mixed states in
subsection 3.1.2.

3.1.1 Wootters’ statistical distance

The geometric approach to pure quantum states can equivalently be discussed in terms of arbi-
trary probability distributions. Hence, we consider a distinguishability criterion for probability
distributions, first. Since Wootters definition of the statistical distance [Woo081] is the starting
point of our later analysis, let us, briefly, summarize the basic concepts and the derivation of the
statistical distance.
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IDEAL FRACTION
OF "YES" OUTCOMES

FLUCTUATION

0 FRACTION OF "YES" OUTCOMES I

Figure 3.1: Equally spaced points in the sense of the statistical distance (3.2) (taken from
[Woo81]).

1-dimensional probability space

We start by considering two differently weighted coins. For only two possible outcomes the
according probability space is one-dimensional. Every coin can be characterized by its probabil-
ity of heads, p; and p,, which we call the YES outcome. A statistical distance, ¢, can, then, be
defined as,

n—o00

1
U(pq, = lim —= X [maximum number of mutuall
(p1,p2) NG [ y (32)

distinguishable intermediate probabilities],
where the mutually distinct probabilities are counted in #n trials. Thus, we included a factor
1/+/7 to ensure that the limit exists. Now, we call two probabilities p and p’ distinguishable in

n trials, if

lp—7p'|>Ap+ap, (3.3)
where Ap denotes the usual standard deviation, Ap = /p(1 — p)/n. Substituting Eq. (3.3) in
the definition (3.2) we obtain for the statistical distance,

P2

o p)—limii ! —/ ap (3.4)
PP TR 5 2 J2/plp-1) ’

By evaluating the integral in Eq. (3.4) [BM90a] the statistical distance (3.2) between two differ-
ently weighted coins, finally, reads,

U(p1, p2) = arccos (,/p1) — arccos (1/p2) - (3.5)
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3.1 Geometric approach to isolated quantum systems

Figure 3.2: [llustration of the definition of statistical length of a path through points with regions
of uncertainty in a 3-dimensional probability space (taken from [Woo81]).

It is worth noting that the statistical distance (3.5) is not the usual Euclidean distance on prob-
ability space, which is given by |p1 — p2|. The difference originates in probabilities close to 1/2
being more difficult to distinguish than probabilities near 0 and 1. In Fig. 3.1 a series of probabil-
ities is plotted, which are equally spaced in the sense of the statistical distance (3.2). The curves
represent the distributions of the YES outcome for each of the special probabilities of YES. The
statistical distance is given by the number of curves which fit between two given points.

d-dimensional probability space

Next, we generalize the above definition (3.2) to experiments with more than two possible out-
comes. Thus, we will be able to calculate e.g. the statistical distance of two different non-Laplace
dices or the statistical distance of two pure preparations of a general quantum system. Let us
consider a probabilistic experiment with N possible outcomes. Accordingly, we have N proba-
bilities, p1,..., pn, which span an (N — 1)-dimensional probability space. The probability space
is merely characterized by the conditions:

pi>0, Vi=1,..,N and Y pi=1. (3.6)
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3 Dynamical properties of nonequilibrium quantum systems

Similarly to the previous case (3.2) we define the statistical distance to be proportional to the
number of distinguishable points. However, in a d-dimensional space, with d > 1, intermediate
points are not well-defined. Therefore, we have to refine the definition. The statistical length /¢
of an arbitrary curve, C, in the probability space reads,

lc(p,p') = lim —= X [maximum number of mutually

n—00 f (3.7)
distinguishable points along the curve C(p — p')],

where again the distinguishable probabilities are counted in # trials. The statistical distance
between two points in the (N — 1)-dimensional probability space is, then, the statistical length
of the shortest such curve connecting two points,

p,p) = min Le(pp'). (3.8)

The idea of the above definition (3.8) is illustrated in Fig. 3.2 for a 3-dimensional probability
space. In order to complete the definition we have to define the meaning of distinguishable in n
trials. The actual frequencies of occurrence, ¢,...,Cn, for a given set of probabilities of the out-
comes, p1,...,pN, are multinomially distributed. Due to the central limit theorem the multinomial
distribution can be approximated by a Gaussian distribution for n > 1,

N AV
0 (&1, En) < eXP (—g Y @p—p)> : (3.9)

i=1

The region of uncertainty around the point p = (p1, ..., pn) is defined to be the set of all points
(&1, ..., ¢N) for which the absolute value of the exponent in Eq. (3.9) is less than 1/2. We choose
1/2 to agree with the earlier definition of distinguishability (3.2) in the previous case, N = 2.
Hence, two points, p and p/, inthe probability space are distinguishable in 7 trials, if their regions
of uncertainty do not intersect. For n >> 1, this is the case if and only if

—L>1, (3.10)

where we introduced dp; = p; — p). The latter condition (3.10) completes the definition of the
statistical distance ¢(p, p’) on the (N — 1)-dimensional probability space.

Now, we want to find an explicit expression of ¢(p, p’), where p and p’ are arbitrary points
in the probability space. We parameterize the smooth curve connecting these two points by
pt,0 < t < twith pp = p and pr = p’. According to the above definition (3.7) of the statistical
length and the criterion of distinguishability (3.10) we obtain,

Py 2/Tdt\l % pllt [dpl( >r. (3.11)

i=
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3.1 Geometric approach to isolated quantum systems

In order to calculate the statistical distance, the minimal statistical length of a curve connecting
p and p' is determined by an arbitrary optimization method. Here, we make use of a coordinate
transformation, x; = VP for which Eq. (3.11) simplifies to,

T N dx. 2
le(p,p') = /dt 21 (Ti) : (3.12)
0 =

Equation (3.12) is the Euclidean length of the curve in the x-space. Moreover, we rewrite the
characterizing conditions of the probability space (3.6) as,

2(t). (3.13)

o8

Il
—_

N
1= ;Pz‘(t) =

Now, according to Eq. (3.13) the curve x(t) has to lie on the Euclidean unit sphere in the x-space.
Hence, {(p, p') is given by the shortest distance along the unit sphere between the points x and
x' defined by x = /p and x’ = \/P'- This shortest distance in an Euclidean space is given by the
radian angle between the unit vectors x and x’. Therefore, the final expression of the statistical
distance between p and p’ reads,

N N
U(p,p") = arccos < xpcf) = arccos ( pip§> : (3.14)

The latter result in Eq. (3.14) can be regarded as a natural notion of a distance on probability
space. It takes the actual difficulty of the distinguishability of different probabilistic experiments
into account.

The above definition (3.8) can be straightforwardly generalized to a probability space of count-
ably infinite dimensions. We label the outcomes of a corresponding probabilistic experiment by
i =1,...,00. First, we want to approximate a remainder term and, thus, regard all the outcomes
withi = N 41, N + 2,... as just one outcome for a specific integer N. For large enough N the
probability,

[ee]

PNeo = Y Pis (3.15)

i=N+1

of this one outcome is very small. According to Eq. (3.14) the latter approximation of the sta-
tistical distance between two points, p = (p1, p2,...) and p’ = (p}, p5, ...), in probability space

reads,
N
Capprox(p, p') = arccos [( \/ Piﬁ) +/ PN, oo] . (3.16)
ppro ; N,

Finally, the exact statistical distance is defined as,

(p,p') = Jlim Lapprex(p, p') = arceos (Z V pl-p§> . (317)
i=1
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3 Dynamical properties of nonequilibrium quantum systems

The square root appearing in Eq. (3.17) is due to Eq. (3.9) and is based on the combinatorial
argument that leads to the multinomial distribution.

From the latter Eq. (3.17) we observe that the natural distinguishability distance of two pure
quantum states is given by their angle in Hilbert space. In quantum mechanics the probability
densities are given by the square of the wave functions” absolute values. Moreover, the argument
of the arccos(.) in Eq. (3.17) is given by the overlap of two wave vectors |¢) and |¢'),

19| = L1l ()] = X /o 619

Hence, generalizing Wootters’ statistical distance to arbitrary, mixed quantum states is equiva-
lent to properly defining the overlap (3.18) in the space of density operators.

3.1.2 Generalization to mixed states: The Bures length

However, for two arbitrary density operators, p; and py, it is, ad hoc, not clear at all how to
determine their overlap, i.e. their fidelity function. By means of an algebraic approach Uhlmann
was able to prove [Uhl76] that a properly well-defined fidelity function takes the form,

F(p1,02) = {tr{ V0102 \/P_l}]z : (3.19)

Uhlmann’s analysis is based on general considerations of W*-algebras following Bures [Bur68,
Bur69], who derived a natural metric on the space of density operators (cf. appendix A.3).
Here, we will summarize Jozsa’s [Joz94] axiomatic approach in order to make the definition
in Eq. (3.19) plausible. The more lucid axiomatic approach, however, bears the disadvantage
that we are not able to prove the uniqueness of F (p1,p2). Nevertheless, it can be shown with
more abstract methods [Uhl76] that F (p1,p2) (3.19) is, indeed, the unique definition fulfilling
the following axioms and being implied by the natural generalization of Wootters” statistical
distance. First, let us start by introducing the mathematical concept of purification for mixed
quantum states in order to follow Jozsa’s considerations [Joz94].

Purification of mixed quantum states

Let H12 be a Hilbert space being divided into two subspaces, Hi» = H; ® H,, where ® denotes
the usual tensor product [BZ06]. Further, we choose the orthonormal bases {|e;) } for H; and
{If;) } for Ha. Then the total Hilbert space H; is spanned by the product states |¢;) ® |f;). The
basis vectors are direct products of vectors in the factor Hilbert space H1,, but by taking linear
combinations we will obtain vectors that cannot be written in such a form. Analogously, we can
define tensor products of operators acting on single subspaces. Let A; act on H;, and A; acts on
H», then the product A; ® A, is defined by its action on the basis elements,

(A1® Ar) ler) @ |fj) = Axlei) @ Aaf;) . (3.20)

The tensor product, as defined in Eq. (3.20), is a main concept in quantum mechanics. One
splits the universe into two parts, where a first part is the accessible system under consideration
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3.1 Geometric approach to isolated quantum systems

and a second part is the non-controllable environment. The second part may be a physical, e.g.
thermal environment, or from a mathematical point of view a general device with no pretence
of realism. In any case, the split is more subtle than in classical physics, since the total Hilbert
space usually contains states which cannot be written as direct products. Subsystems implying
such states are called entangled.

Now, we take the view from the total Hilbert space Hi>. To compute the expectation value
of an arbitrary observable we need the density matrix pjp. With the definition of the tensor
product (3.20) we can, further, define the reduced density matrices p1 and p,, acting on H; and H,
respectively, by taking partial traces,

p1 = tro {p1a} = ;(eﬂ ® (filowzle) @ |f;), (3.21)

and analogously for p,. The latter construction (3.21) is the mathematical formulation of the
physical situation that experiments are exclusively performed on the first subsystem. In this
case we are only interested in observables of the form,

A=A ®1,. (3.22)

In this case the total density operator contains more information than we need to determine the
expectation value (A), since

(A) =tr{p1n A} =tr {p1 A1} . (3.23)

In the latter equation tr; {.} denotes the trace taken over the first subsystem only. It is worth
mentioning that even if p1, is a pure state, then p; will, in general, be a mixed state. Thus, we
obtain mixed states by taking partial traces in larger Hilbert spaces. In the following we define
the concept of purification, which turns around the latter observation. We start with a mixed
state and ask for the pure state in an enlarged Hilbert space. In order to treat this property
transparently, we need some further preparations in form of Schmidt’s theorem [BZ06]:

Theorem: Every pure state |¢p) in the Hilbert space H1, = H1 ® H can be expressed
in the form
) =Y VAile) @ 1fi), (3.24)
i

where {e¢;} is an orthonormal basis for H; and {f; } for H,.

Theorem (3.24) is also known as the Schmidt decomposition or Schmidt’s polar form. The real num-
bers A; in (3.24) are called Schmidt coefficients with the sum rule,

Y Ai=1, Ai > 0. (3.25)

i
For a proof of Schmidt’s theorem (3.24) we refer to [BZ06] and, now, concentrate on two corol-
laries. Given any density matrix p on a Hilbert space H, we can use Eq. (3.24) to find a pure

state on a larger Hilbert space, whose reduction down to H is p. The first key statement can be
summarized as,
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3 Dynamical properties of nonequilibrium quantum systems

Reduction: Let pj» be a pure state on Hjp. Then the spectra of the reduced den-
sity matrices p; and p, are identical, except possibly for the degeneracy of any zero
eigenvalue.

Secondly, we formulate the concept of

Purification: Given a density matrix p; on a Hilbert space H1, there is a Hilbert space
Hy and a pure state p1p on Hq ® Hy such that p; = try {p12}-

The above corollaries follow directly from Eq. (3.24). Their implications will become important
in the following. First, purification will be used to derive Uhlmann’s fidelity function (3.19) and,
second, for further derivations of dynamical properties (cf. section 3.3) it suffices to consider
merely pure states, without loss of generality. Generalizations to mixed states are obtained by
taking partial traces over appropriately chosen subspaces of the Hilbert space under considera-
tion.

Uhlmann’s transition probability

Now, let us come back to the generalization of the fidelity to mixed states. For two pure states,
|1) and |¢1), the natural definition of a fidelity function F (having values between 0 and 1) is
provided by their overlap,

F ([p1) (@1l [92) (92]) = [(pr]gp2) > - (3.26)

Equation (3.26) is in agreement with the interpretation of the statistical distance as the angle
in Hilbert space (3.18). If only one state is impure then the fidelity can straightforwardly be
generalized to read,

F([¢1) (911, 02) = (P1lo2¢p2), (3.27)

which is the average of Eq. (3.26) over any ensemble of pure states with a density po. Now, we
want to generalize Eq. (3.27) to the case of two mixed states, p; and p;. To this end, Jozsa [Joz94]
formulated the following axioms to be necessary to hold for a well-defined fidelity F (p1,02):

F1 0 < F(p1,02) <1land F (p1,p2) = 1if and only if p; = py.

F2 F(p1,p2) = F (02,01)-

F3 If p; is pure, then Eq. (3.27) holds.

F4 F (p1,p2) is invariant under unitary transformations on the state space.

From Egs. (3.26) and (3.27) one is tempted to define F (p1,02) = tr {p1p2}. However, for general
mixed states this definition fails to satisfy F1 and it is not possible to fulfill all axioms by a
simple modification. On the contrary, one easily convinces oneself that the definition in Eq. (3.19)
satisfies all axioms. Moreover, Jozsa proved [Joz94] the following theorem:
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3.1 Geometric approach to isolated quantum systems

Theorem: For two arbitrary mixed quantum states p; and p; the fidelity function
satisfying all axioms F1-F4 reads,

2
F(o1,02) = {tf { VP1p2 \/P_lH = max | (¢1]¢2) [ (328)
where the maximum is taken over all purifications |¢1) and |¢») of p; and p,, respec-
tively.

In the latter theorem we assumed implicitly that the two purifications are elements of the same
enlarged Hilbert space. This is justified, since without loss of generality we always can use the
largest Hilbert space. For the proof of Jozsa’s theorem (3.28) we refer to the literature [Joz94].
The important point is that for all theoretical analyses, i.e. not explicitly evaluating the fidelity,
we can assume without loss of generality the considered states to be pure. The evaluation of
F (p1,p2) for two general densities, p; and py, is non-trivial due to the square root of operators,
and, in general, only feasible for low-dimensional Hilbert spaces (cf. appendix A.3). Never-
theless, we will see an infinite dimensional example in the next section, namely F (p1,p2) for
Gaussian states. Finally, we summarize the properties of F (p1, p2), which are given by the ax-
ioms F1-F4 and implications of (3.28):

P1 0 < F(p1,p02) <1land F(p1,p2) = 1if and only if p; = ps.
P2 (Symmetry) F (p1,02) = F (p2,01)-
P3 If py = [¢1) (y1] is pure, then F (p1, 02) = (¢1p2[¢p1) = tr {p1p2}.
P4 a) (Convexity) If p1,02 > 1and p1 + p2 = 1, then
F (o, prp1 + p202) = p1 F (0, 01) + P2 F (0, 02) - (3.29)
b) F(p1,02) = tr{p1p2}-

P5 (Multiplicativity) F (o1 ® p2, 03 @ p4) = F (p1,03) F (02, p4)-

P6 (Non-decreasing) F (p1,p2) is preserved under unitary transformation. If any measure-
ment is made on the state, transforming p1, p; into p}, p5, then F (p}, 05) > F (p1,02).

Next, having properly identified the overlap of mixed states, we can generalize Wootters’ statis-
tical distance (3.18) to arbitrary quantum systems.

Generalization of Wootters’ statistical distance

With the fidelity for mixed quantum states (3.19) Wootters’ statistical distance (3.17) is naturally
generalized by the Bures length,

L (p1,02) = arccos < F (pl,p2)> = arccos (tr{ V0102 \/p_1}> . (3.30)
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3 Dynamical properties of nonequilibrium quantum systems

The latter definition generalizes the notion of an angle to arbitrary, mixed quantum states. The
density operators are maximally distinguishable, if they are orthogonal, and the Bures length is
bounded from above, £ < 71/2. Moreover, it has been shown by Braunstein and Caves [BC94]
that the underlying metric, i.e. the Bures metric (cf. appendix A.3) is the natural generaliza-
tion of Wootters’ infinitesimal distinguishability criterion taking explicitly non-diagonal matrix
elements of the density operators into account.

3.2 Measuring the distance to equilibrium

Having defined the Bures length on the space of density operators, we come back to one of our
original questions, whether we can measure the range of validity of the linear regime. With the
Bures length we obtained a distance between density operators and, hence, we are able to quan-
tify how far from equilibrium a nonequilibrium process operates. For the validity of the linear
regime during an arbitrary process, one supposes the system to stay close to equilibrium at all
times. Therefore, the present section proposes that, generally, the time averaged Bures length
has to be small for the validity of the linear regime. The time average is essential, since arbitrary
processes may contain nonlinear contributions, but, nevertheless, drive the system close to an
equilibrium state at single instants. To confirm the time averaged Bures length being the appro-
priate measure, we discuss a specific, analytically solvable example, namely the parameterized
harmonic oscillator.

3.2.1 Green-Kubo formalism

Let us start with the basics concepts of the Green-Kubo formalism as a general approach to the
linear regime [THS85]. To this end, we separate the Hamilton into an explicitly time-dependent
contribution and the unperturbed, initial system Hy,

H; = Ho+ V,, (3.31)

where V; describes a weak time-dependent perturbance. As before, we are considering a quan-
tum process operating from t = 0 and to t = 7, and, hence, V; = 0 att = 0~. The derivation
simplifies by introducing the interaction picture, where the time-dependence of an operator O;
stemming from the initial Hamiltonian, Hy, is separated,

Ol = exp (iHot/h) Oy exp (—iHot/h). (3.32)

Analogously, the von Neumann equation translates in the interaction picture to,
ihd¢p{::[Lf,pq . (3.33)

A solution p! of the differential equation (3.33) equivalently solves the corresponding integral

equation,
t

[ I .1
of=po—7 [as [Viel] . (334)

fo
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3.2 Measuring the distance to equilibrium

The latter integral equation can be solved self-consistently by means of the Picard iteration
[Aul04]. In the framework of linear response, however, the iteration takes merely the first or-
der into account, i.e. the solution is approximated linearly. Hence, the time-dependent density
operator is written as,

ir
p{zpw—ﬁ/dsbﬁyﬂ. (3.35)
to

Accordingly, the mean of an arbitrary, time-dependent observable, (Oy) = tr {p{ O} }, reads,

(Of) near = (1), /@umk)%H. (3.36)

As before, we assume the system to be initially thermahzed, po = exp (—BHo)/Zy, and, thus,
[0, exp (iHpt/h)] = 0. Finally, reformulating Eq. (3.36) in the Schrodinger picture the mean of a
time-dependent operator is given by,

(O inear = (O / dstr {0 [0, W]} - 637)
to

Equation (3.37) serves as a starting point for the derivation of the Green-Kubo formulas [TH85].
Here, however, we concentrate on applications of the Bures length (3.30). The approximations
of the linear regime are valid, if the exact average of an observable equals the linear approxima-
tion, (Of) exact = (Of)linear- We will see in the following that this is the case, if the Bures length
averaged over the process time T is small. First, however, we have to discuss, how the Bures
length (3.30) is evaluated, i.e. how to evaluate the fidelity function (3.19).

3.2.2 Fidelity for Gaussian states

Generally, the evaluation of the fidelity function (3.19) is rather involved due to the square root
of operators. However, for Gaussian, squeezed, thermal states F (p1, p2) can be written in closed
form [Scu98],

F(o1,02) = KT’J’ (3.38)
where the parameters are defined as A = det(A; + Az) and § = (det(A;) —1) (det(Az) —1).
Therefore, the fidelity for Gaussian states is merely governed by products of determinants of the
according covariance matrices A;. These are given by,

2
L 2(() =) R i+ pin) = (x0) (1) 539
i= . .
LG i) = () () & (D) —(0)?)
Consequently, the fidelity (3.38) for Gaussian states is completely determined by the first and
second moments. Next, we will discuss an analytically solvable system, namely the parameter-
ized harmonic oscillator, which is in a Gaussian state at all times. For a complete treatment of
the Gaussian properties of the harmonic oscillator we refer to [Def08, AL10] and a brief review
in appendix B.

31



3 Dynamical properties of nonequilibrium quantum systems

3.2.3 The parameterized harmonic oscillator in the linear r egime

As an illustrative example for the application of the Bures length (3.30) we choose the time-

dependent Hamiltonian,
2

_pr M 5o
Hy= o+ wixh. (3.40)

where the angular frequency, w;, is varied from an initial value, wy, to a final value, w;, during
the time interval, 0 < t < 7. As before, we assume the oscillator to be initially thermalized, and,
hence, the initial density operator, po, reads in space representation [KP07],

po(x, x") = \/Mwo tanh (B/2hiwy) exp _ M@ oth (Bhwo) [(xz + x’z) — 2sech(ﬁhw0)xx’] ,
mth 2h
(3.41)
and in momentum representation,

anh h
po(p,P') = \/ t ﬂ%io“m) exp <_2M1‘1w0 coth (Bhwo) | (p* + ) ~ 2sech(,8hwo)pp'D .

(3.42)
Let us, now, evaluate the time averaged Bures length. To this end, we ask for the distance
between the instantaneous nonequilibrium state, p;, and the equilibrium state corresponding
to the current configuration of the system, pfq. The equilibrium density operator, pfq, for the
current state is given by Egs. (3.41) and (3.42) and by replacing wg by w; everywhere. For the
evaluation of the Bures length, £ (pt,pfq), we, first, have to calculate the covariance matrices
(3.39) for p; and p; 1. The covariance matrix for the equilibrium state, p;?, follows from Egs. (3.41)
and (3.42) by integration over the x- and p-space,

h
eq Ma; coth ([3/2 hwt) 0
A= < 0 Mar coth (B/2hwr) ) (3.43)

The instantaneous nonequilibrium density operator, p; = U;r polU;, can be written with the ex-
plicit expression for the time evolution operator (B.6) in space representation,

Mwy tanh (B/2 hwy) Muwq coth (Bhwo) [/ 2 2
pr(x,x") :\/ Y2t X exp |~ Vit 22 [(x + &’ > —25ech(,8hwo)xx’} ,

(3.44)
and in momentum representation

wpo tanh (B/2 hwy wq coth (Bhwy 2
or(pp') = \/th V2 (fngg Lo <_2Mh V2 iigxg) (7 +97) _2seCh(ﬁh“’°>pp/]>'
(3.45)
In the latter Egs. (3.44) and (3.44) the functions X; and Y; are solutions of the force free classical
equation (B.4) with boundary conditions Xg = 0, Xo = 1 and Yy = 1, Yy = 0. Accordingly, the
covariance matrix at time t is given by,

s (V2 +w3x?) coth (o) 2 (Yi¥i + w3XiX;) coth (§heoo ) 516
L (Wi + wiXiXi) coth (Shewo) 4 (V2 + wiX?) coth (Sheo) | ,

wo

At:
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3.2 Measuring the distance to equilibrium

where we used that (xp + px) = M d; <x2>. Finally, by making use of the mathematical proper-
ties of X; and Y; [Def08] the fidelity function between the instantaneous nonequilibrium density
operator and its equilibrium counter part results in (cf. subsection 3.2.2),

F (o1, 0:1) =2 [— ch(B/2ep)ch(B/2¢;)

—1
+ \/coth2 (B/2¢0) + coth? (B/2¢;) +2Q; ch(B/2¢0)ch(B/2¢;) + ch?(B/2e0)ch?(B/2¢:) |

(3.47)

where we introduced the energies, ¢; = hw;, and the measure of adiabaticity, Q; in Eq. (B.11).
Moreover, the ch(.)-function is a short notation for cosh(.). Now, the time averaged Bures length
is given with Eq. (3.47) by,

(L), = % / dt £ (pr, p%) . (3.48)
0

Due to the lengthy formula for the fidelity (3.47) it is not feasible to find a closed expression
for (£).. Thus, we continue with a graphical analysis of the linear approximation. In order to
determine the range of validity of the linear regime we, first, calculate the mean energy (H) in
the linear approximation, and, second, compare it with the exact result (B.18). To this end, we
identify the perturbation Hamiltonian as,

M
Vi=-—> (Wi — w?) x?, (3.49)
and obtain by evaluating Eq. (3.37),
h wk+ w? B
(He)tinear = 7 Ow% L coth (5 hwo> : (3.50)

In Fig. 3.3 we plot the exact mean energy (B.18) and the linear approximation (3.50) as a function
of the time averaged Bures length (3.48) for different parameterizations of w;. As expected the
exact and the approximated mean energy are indistinguishable for small values of (£).. For
larger values of (L), i.e. for higher w, the system is on average farther away from equilibrium,
and, thus, the linear approximation fails. Concluding, the time averaged Bures length (3.48) is
an appropriate measure for the validity of the linear regime.

Since the exact fidelity (3.47) is still a complicated function, we analyze in the following sim-
plifying limits to deepen our insight.

Zero temperature limit

In the zero temperature limit, i > 1, where initially merely the ground state is occupied, the
tidelity function reduces to,

hg>1 2

(3.51)
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Figure 3.3: Upper plots: Exact mean energy (B.18) (red, dashed line) and linear approximation
(3.50) (blue, solid line) as a function of the time averaged Bures length (3.48) with
Bhwy =1, M = 1and T = 1; Lower plots: corresponding parameterization of w; for
arbitrary values of w;

which can be derived directly, as well. In the zero temperature limit the harmonic oscillator is
initially in a pure state |0). Hence, the instantaneous equilibrium density operator reads at all
times,

-, =00l (3.52)

If one state is pure, the fidelity reduces to Eq. (3.27) and we obtain,

€q
O

Flone®) | =t {pigf®) = (0loil0) = (01U} po Uil0) = [OIUIO) = pho. (359)

In the latter equation pj , denotes the transition probability from initial to final ground state, i.e.

their overlap. It is given by [AL10],
2
= ) 3.54
Poo =1 [17 0 (3.54)

Thus, we recover the zero temperature limit of the fidelity function (3.49), which was originally
defined as the overlap of two wave functions (3.26).
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3.3 Minimal quantum evolution time

Classical limit

On the other hand, in the limit of very high temperatures, i.e. in the classical limit, i < 1, we
obtain,
4 wowy

np<t w3 +2Qfwowr + w?

F(oupi?) | (3.55)
It is remarkable that in the classical limit the fidelity vanishes for large values of Qj like F; o
1/Qf, whereas in the zero temperature limit F; < 1/,/Qj.

3.3 Minimal quantum evolution time

In the last section we discussed an illustrative application of the Bures length. Now, we turn to a
more fundamental implication of the Bures angle (3.30) for general, isolated quantum systems.
Among the most interesting peculiarities of quantum mechanics are the Heisenberg uncertainty
relations. They express the probabilistic nature of quantum systems, which distinguishes them
from the classical world. Here, let us consider the Heisenberg uncertainty relation for energy
and time,

AENAt > 1. (3.56)

Usually, the latter equation is interpreted as: there is a minimal time it takes for a quantum
system to evolve between two orthogonal states, which is always larger than the inverse of its
initial energy spread AE. A more accurate expression for the quantum speed limit, Tqos1, has been
derived in [MT45, ML98, LT09] for time-independent Hamiltonians,

mh mh
TQsL =— max {5 E, 5 E} , (357)
where E is the expectation value of the Hamiltonian, E = (H), and AE denotes the disper-

sion, AE2 = (H)* — (H?). Only recently Giovannetti, Lloyd, and Maccone [LM03] treated the
case of arbitrary angles within a numerical analysis, whereas Jones and Kok [JK10] proposed
a systematic treatment based on a geometric approach for orthogonal states. However, all pre-
vious studies dealt merely with time-independent Hamiltonians. The following derivation of
the quantum speed limit generalizes the geometric approach to arbitrary angles and explicitly
time-dependent Hamiltonians. As argued earlier (cf. subsection 3.1.2) we can restrict ourselves
without loss of generality to the case of pure states.

3.3.1 Mandelstam-Tamm type bound

Our derivation starts with the quantum Fisher information, which is an information theoretic
quantity related to the Bures length (cf. appendix A.2). For two arbitrary density operators, p
and p’, and a parameterization p;, which starts at p at t = 0 and ends at p’ at t = 7, the gradient
of the Fisher information, Z;, is given by,

d;Z; = (d,L)* . (3.58)
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3 Dynamical properties of nonequilibrium quantum systems

With the latter definition the distinction of two densities, p and p’, is reduced to the estima-
tion of t. The information about ¢ obtained by a particular measurement is given by the Fisher
information, Z;. Moreover, it has been shown by Braunstein and Caves [BC94] that the Bures
angle between two infinitesimally close density operators, o’ = p + dp, i.e. the Bures metric (cf.
appendix A.3) can be written as,

de? =t {dp R, (dp) } - (3.59)
The superoperator R ~! reads in terms of the eigenvalues p; of p, p = ¥, pili) (i,

Rgl(O) — Z <]|O’k>

) k), 3.60
> W G.60)

for an arbitrary operator O. On the other hand, the von Neumann equation can be rewritten as,
ihdy = [H, p] = [H—(H), p] = [AH, p] , (3.61)

where (H) is a real number, and can, hence, be included in the commutator. Finally, combining
Egs. (3.58)-(3.61) we conclude,

1
7, = tr {dip R, (dip) | = hz Zk; | Hisl" < - ((m)?), @6

P+Pk

where the latter estimation is implied by a triangle-type inequality. Equation (3.62) states that
the amount of information about ¢ in any measurement has an upper bound by the variance of
its generator H. Now, the Mandelstam-Tamm type inequality follows almost immediately. With
the definition of 7; (3.58) and taking the positive roots, we obtain,

1
diL < 3 0H, (3.63)

where 6H = '1 / <<AH >2> ‘ The latter differential inequality is solved by means of separating

the variables and integration yields,

L(po,07)

NIH

/ dt6H . (3.64)
0

Thus, we finally obtain with the time averaged variance, AE; = 1/7 fOT dt (<H;2> - (Ht>2)1/ 2
our first generalized quantum speed limit,

h
> . .
T2 AE L (po, pr) (3.65)

The latter result (3.65) generalizes the Mandelstam-Tamm bound [MT45] to arbitrary angles and
time-dependent Hamiltonians. The derivation is merely based on the triangle-type inequality in
Eq. (3.62) and the definition of the Bures angle in the space of density operators.
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3.3 Minimal quantum evolution time

3.3.2 Margolus-Levitin type bound

Instead of using the bound on the Fisher information we can also use the finite expression of
the angle £(po, pr) between initial and final state to derive another differential inequality. To
this end, we assume without loss of generality the system to be in a pure state at all times,
pt = |r) (¢¢|. Thus, we have,

L (o, Y1) = arccos (| (o)) - (3.66)
Evaluating the derivative of £ (¢, {;) with respect to time, ¢, yields,
1
dif = — = di | (Yolypr)] - (3.67)
1= [(¢olyr)|

Now, since the prefactor has a lower bound, 1/v/1—x2 > 1 for all x € R, we obtain the
inequality,
di L < —d; |[{¢o|yr)] - (3.68)

Next, let us have a closer look at the right hand side of Eq. (3.68). In order to simplify the
expression we will prove that

—d¢ [($oltpr)| < |ds (tolvpr)] - (3.69)

To this end, we expand the derivative on the left hand side of Eq. (3.69) as,

de [{wolwe)| = diy/ (olipe) (Peltpo) - (3.70)

With the help of the Schrodinger equation (3.1) the latter expression in Eq. (3.70) can be evaluated
and we obtain,

dy | (wolpe) (o  He[9r) <¢t¥;>’ <—¢:|ib#;(;|‘¢t> (e[ Heltho) (3.71a)
Im (<t/z:l !’IZ)\ :1‘2;20<>1|I2t %0)) (3.71b)
;e
Therefore, the right hand side of (3.69) can be further bounded from below,
e {polyd| = I(yolHilge) (.722)
_ ’<¢0’I;t]‘zptlil|1/|zél>l)]t’lpo>’ (3.72b)
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3 Dynamical properties of nonequilibrium quantum systems

where we again used the Schrodinger equation (3.1). Furthermore, Eq. (3.72¢) is implied by the
Cauchy-Schwarz inequality. Finally, combining Egs. (3.71) and (3.72) we have,

de [(Wolwr)| < |de (olipr)] - (3.73)

Since the arccos (.) is a monotonically decreasing function in the interval 0 < x < 1, the
derivative of |(io|y;)| with respect to time, ¢, is strictly positive and we have, therefore, proved
Eq. (3.69). Continuing the derivation of the Margolus-Levitin type inequality, we combine
Egs. (3.68), (3.69) and (3.72),

1 1
deL < |di (olipr)| = 7 | (ol He|9pr)| < 5 (e Helwe)| (3.74)

which is again a differential inequality as in the above derivation of the Mandelstam-Tamm type
inequality (3.63). Analogously, Eq. (3.74) is solved by separating the variables,
ﬁ(lpo.,%) 1 T
[ < [atigdHily). (3.75)
0

0

Thus, we finally derived the generalized Margolus-Levitin bound [ML98] for arbitrary angles
and time dependent Hamiltonians,
h
T 2 E_ E (1)[]0/ 1)[JT) 7 (3‘76)
T

where E: is the time averaged mean energy, E; = 1/ fOT dt (¢¢|H|yr). As earlier discussed
in detail (cf. subsection 3.1.2) the above derivation of Eq. (3.76) is equivalently valid for arbi-
trary mixed states. We always can interpret pure states as purifications of mixed densities in an
enlarged Hilbert space. Hence, we can generally write,

h
T2 o L (00, p7) (3.77)
T

with E; = 1/7 fOT dttr{p;H;}. Concluding, we derived another lower bound on the time a
quantum system needs to evolve from an initial state, py, to a final one, p.
3.3.3 Quantum speed limit

Collecting the above derived bounds on the quantum evolution time (3.66) and (3.77) we obtain
the quantum speed limit Tqgy, as,

_ hL (o, p0) 1L (0z,p0)
TQsL, = max { E. , AL, . (3.78)

The minimum time is determined by the time averaged mean and variance of the energy and
not by their initial values, as earlier estimated by numerical methods in [LMO03],

21 L% (7, 00) 1L (07, p0)
7k A } o

Tmin ~~ Max {
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3.3 Minimal quantum evolution time

0.8

0.6

Figure 3.4: Quantum speed limit time Tqgy,, Eq. (3.78), (red, solid line) and actual driving time T
(blue, dashed line) for the linearly parameterized quantum harmonic oscillator (3.40)
and (3.80) withi=7t=1,1/ = 0and wy = 0.1.

where Ey = (Hp) and AEy = (<H3> — <H>2)1/2. The latter bound in Eq. (3.78) is merely valid for
time-independent systems or quasistatic processes. As a consequence, the quantum speed limit
time for driven systems can be smaller than for undriven systems, when E; > Ey (AE; > AEj).
This is, for instance, the case at zero temperature: According to Eq. (3.79), a quantum system
never leaves an initial (non-degenerate) pure state (infinite Trin) in the absence of driving, while
Eq. (3.78) predicts a finite Tqg, for a driven Hamiltonian. Figure 3.4 shows that for the time-
dependent, harmonic oscillator (3.40) at zero temperature, the actual driving time T can ap-
proach the absolute minimum evolution time Tgg;, within a factor of two, for a simple linear
change of its angular frequency,

w? = Wi+ (wF — W) t/T. (3.80)

Hence, the quantum speed limit is attainable by properly choosing the protocol parameterizing
the Hamiltonian. Moreover, it is remarkable that the rigorously derived quantum speed limit,
TosL, (3.78) does not exactly reduce for time-independent systems to the numerically estimated
bound, Tmin, (3.79). The latter observation is not a contradiction, since the quantum speed limit
is derived with the help of estimating inequalities, and, hence, with some degree of freedom.

The above derivation of the quantum speed limit (3.78) is valid for general driving and arbi-
trary angles. Therefore, earlier, heuristic assumptions [GS09, GC10] about the correct form of
Tost, for time-dependent Hamiltonians are clarified.
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3 Dynamical properties of nonequilibrium quantum systems

Finally, in the classical limit, i < 1, the quantum speed limit vanishes as the Heisenberg
uncertainty relation (3.56) is a mere quantum effect.

3.4 Summary

The present chapter discussed dynamical properties of time-dependent quantum systems by
means of a geometric approach. To this end, we introduced a natural distance on the space
of density operators. The Bures length is, on the one hand, the generalization of the classical
distinguishability distance to mixed quantum states, and, on the other hand, the generalized
angle between density operators. Furthermore, we proposed the time averaged Bures length as
an appropriate measure for the validity of the linear regime. A quantum system can be described
by means of linear response theory, if it stays close to an equilibrium state at all times, i.e. if
the time averaged Bures length is small. We confirmed this conclusion with the help of an
analytically solvable system, namely the parameterized harmonic oscillator. Finally, we derived
a fundamental lower bound on the time of quantum evolution. The quantum speed limit is
the minimal time a quantum system needs to evolve between two distinguishable states. This
minimal time is governed by the time averaged mean and variance of the system energy and the
Bures length, i.e. the angle between initial and final state.
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4 Unitary quantum processes in thermally
Isolated systems

Chapter 3 dealt with the dynamical properties of time-dependent quantum systems. In partic-
ular, the meaning of equilibrium and nonequilibrium states and their distinguishability were
clarified. In the present chapter we come back to thermodynamics. As before, we assume the
quantum system under consideration to be isolated, and, thus, describable by means of unitary
dynamics (3.1). We will start with a preliminary discussion of the notion of work and heat in
quantum systems before we turn to a generalized and sharpened Clausius inequality. We will
see that the geometric approach, which was discussed in detail in the last chapter, turns out to
be an appropriate method to explain the thermodynamics of closed quantum systems.

4.1 Thermodynamics: Work and heat in quantum mechanics

Let us start with two basic quantities in thermodynamics, work, W, and heat, Q. Since W and
Q are path or trajectory dependent their infinitesimal increments, JW and 6Q, are not given
by total differentials. This fact is a first hint that a careful treatment is necessary in quantum
mechanics. In quantum systems the meaning of single trajectories is lost, and one rather has
to deal with probability distributions. How to define work and heat quantum mechanically,
and the according corollaries are discussed in this section. Moreover, we assume as before in
the context of classical Hamiltonian dynamics (in subsection 2.3.1) the system to be initially
thermalized, but otherwise isolated during the process in a time interval, 0 < t < 7.

4.1.1 Work is not an observable

The discussion of the probability density of quantum work was initiated by Kurchan [Kur00]
and Tasaki [Tas00]. The conclusions presented here follow Talkner, Lutz, and Hanggi [LH07].
We consider an explicitly time-dependent quantum system with Hamiltonian H; (cf. Eq. (3.1)).
Thus, thermodynamic work is performed during the variation of H; with time. Microscopi-
cally, quantum work for a single transition between distinct eigenstates of the system is given
by the difference of the initial and final energy eigenvalue, E) and EJ,. For an initial density,
po = exp (—BHy)/Zo with eigenvalues p), we have to average over the thermal occupation
probabilities. Furthermore, we have to account for the induced transitions by the unitary evo-
lution with probabilities py, ,. Hence, the probability density of the total work done on the
quantum system during time T is given by,

PW) =Y 6(W—(E;,—E)) PinuPa- (4.1)

m,n
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4 Unitary quantum processes in thermally isolated systems

Note that Eq. (4.1) expresses the work being a random quantity due to the presence of both
thermal and quantum uncertainties, encoded in pY and py, ,,, respectively. The transition proba-
bilities are given by the overlap between an instantaneous eigenstate, Hr |m.) = EJ, |m.), and a
time evolved initial one, Hy |n¢) = E |no),

Pmn = ‘<mr|ur|n0>‘2 , (4.2)

where the time evolution operator is, as usual, given with the time ordering operator, 7-, by,

U, = T- exp (; / dth) . 4.3)
0

Equivalently to the probability distribution, P (W) in Eq. (4.1), the statistical properties of W are
encoded in the characteristic function, G(y), which is defined as the Fourier transform of the
probability density,

G(n) = /dW exp (iuW) P(W). (4.4)

Substituting the probability density, P(W) in Eq. (4.1), with Eq. (4.2) into Eq. (4.4), the charac-
teristic function, G (i), can be evaluated to read,

. 1
G(u) =Y exp (in (Ej, — Ep)) (me|Uz|no) (mo|UL|me) Z exp(—BEy)
mn (4.5)
=) (mc|Ur exp (—iu Ho) polno) (no|UT exp (ip He) ) .

By further making use of the completeness relation of the energy eigenstates, the characteristic
function, G(p), is written as an average over the initial density, p,

G(p) = tr { U} exp (iHy) Ur exp (—ipHo) po |
= (exp (iuH) exp (=ijtHo)),, -

We observe that the characteristic function, G () in Eq. (4.6), has the form of a time-ordered two
point correlation function. Therefore, we conclude that there is no Hermitian operator defining
the work in quantum systems. This is in agreement with the classical, thermodynamic notion
of work being not a state function. In order to determine the work, a two-time measurement is
necessary. Since the Hamiltonian at different times does not have to commute with itself, the
characteristic function (4.6) cannot be further simplified without an additional time-ordering
operator [LHO7]. The latter point becomes more obvious by the observation that the character-
istic function equals the exponentiated work (cf. Eq. (4.4)) for the particular choice, u = iB. By
turther evaluating Eq. (4.6) we obtain the quantum version of the Jarzynski equality (2.36),

(exp (—BW)) = {exp (~BH:) exp (BH1)),, = 7 = exp (~BAF). 47)

The main conclusion is that the Jarzynski equality (4.7) remains valid for isolated quantum sys-
tems. However, the nonequilibrium work is not an observable and, thus, one has to concentrate
on quantum statistical properties of thermodynamic quantities. To this end, the present chapter
provides a detailed analysis of implications and applications of the work density (4.1).

(4.6)
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4.1 Thermodynamics: Work and heat in quantum mechanics

4.1.2 Fluctuation theorem for heat exchange

In the last subsection it was shown that there is no Hermitian operator describing the work
performed during a quantum process. In the latter analysis we restricted ourselves to the simple
case of unitary dynamics, and, thus, isolated systems. This means explicitly that no heat was
exchanged with any environment. Now, we turn our attention to situations in which merely
heat is exchanged, but no work is performed. The present analysis follows Jarzynski and W¢jcik
[JWO05] in our notation. Let us consider a quantum system consisting of two subsystems,

H'=H*®1° +1* @ H® + h,,, (4.8)

where &, denotes a very weak interaction between A and B. Moreover, we consider the total
Hamiltonian, H'*!, to be time-independent in order to exclude work performing processes. Now,
we assume that the total system and both subsystems are time-reversal invariant. In quantum
mechanics the invariance of time reversal of a system is expressed by the condition,

©, H] =0, (49)

where © is the quantum time-reversal operator and H the Hamiltonian of the system under
consideration. The operator © reverses linear and angular momentum while keeping posi-
tion unchanged. Now, we assume the subsystems A and B having equilibrated with inverse
temperatures 4 and g before the experiment and are, thus, described by thermal densities,
p' =exp (—B;H')/Z; withi = A,B. At time t = 0~ we separate the systems from the reservoirs
having induced the equilibration. By measuring the energies each subsystem i is projected onto
a pure state |n;) with probability p;i = exp (— ,BiEili) /Z; and the total system is described by the
product state [n*) ® |[nP). Turning on the interaction term, h,, at t = 0 we allow the system to
evolve until + = 7. The final state, i), of the total system is determined by the unitary evo-
lution under Schrodinger’s equation for the total system (3.1). Now, we turn off the interaction
term, and measure once again the energies of each subsystem separately. Therefore, the state
i) is projected onto a final product state |m”) @ |m®). It is worth emphasizing that the time
T may be chosen randomly. Usually, the total system is in an arbitrary nonequilibrium state at
time 7. Since we assumed weak coupling between the subsystems, we expect the energy of the
total system to be almost preserved,

EA+EP~EA L+ EB. (4.10)

Hence, the energy changes of the two subsystems are approximately equal and we identify the
heat exchange Q,,—, as,
Qnom=EB —EB~EA —EL. (4.11)

Analogously to the work density (4.1) we, now, formulate the probability density of the heat
exchange, Q, to read,

P(Q) =Y _6(Q— Quem) P ParPrs s (4.12)

n,m

where |[n) = [n*) ® [nP) and |m) = |m*) ® |mP). Asbefore, p, , denotes the transition probabil-
ity between a time evolved initial state U.|n) and the final energy eigenstate |m) (cf. Eq. (4.2)).
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4 Unitary quantum processes in thermally isolated systems

Here, U; denotes the unitary time evolution operator of the total system. In order to derive the
fluctuation theorem for the heat transfer, Q, we, now, consider the total probability for a forward
transition from |n) to |m),

2 &P (—PaEjn) exp (—PsE )

P (jn) = 1)) = Pl i = |l Usl) . SNCEE
and its time reversed counterpart (cf. Egs. (2.50) and (2.51)),
2 —BAEA —BpEB
P (©ln) — ©m) = |(m]6" U, Olng) [ TELPAEm) P (ThoFs)

VNS

The time-reversal operator ®, however, is anti-unitary, and U,; ® = ©® U_., which follows from
Eq. (4.9) and the anti-linearity [JW05]. Hence, we conclude for the transition probabilities,

and for the ratio of forward and reversed transition,

Pe(|n) — |m))
P (©[n) — O[m))

~ exp (AB Qnom) - (4.16)

In the latter equation we introduced the temperature difference, AB = Bg — pa. Due to the
unitary evolution of the total system each eigenstate has a corresponding time-reversed twin.
Thus, the net probability of the heat transfer Q in time T can be written as,

P(Q) = Z‘S(Q_ Qu—m) Pc(|n) — |m))

=exp(ABQ) Y, 4(Q+ Qonom) Pr (On) — Om)) (4.17)
On,0m

=exp (ABQ)P(-Q).

In Eq. (4.17) we obtained a fluctuation theorem for the heat transfer Q between to weakly cou-
pled systems. The weak coupling limit is crucial for the identification of the heat, where we
assumed that no energy is lost in the interaction, /. Furthermore, the weak coupling limit en-
sures that the final state |¢;) can be projected onto a product state of the two subsystems without
loss of information.

lllustrative example - two coupled harmonic oscillators

Next, in order to illustrate P(Q) in Eq. (4.12), we consider an analytically solvable example,
namely two weakly coupled, isotropic harmonic oscillators. The total system Hamiltonian reads,

H° = HA® 1% +14 @ HP + v x* @ xB, (4.18)

where the Hamiltonian of each subsystem is quadratic, H = piz/ 2M + M/2w?x;?,i = A,B.
For small coupling coefficients, 7 < Mw?, the transition probabilities, py, ,, can be calculated
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4.2 Generalized Clausius inequality

by means of time-independent perturbation theory [DL77a]. It can be shown that second order
perturbation theory is sufficient to obtain numerically exact results for the probability density
P(Q) [LD10]. Since the perturbational distribution, P(Q), is given by a lengthy formula, we,
here, merely present illustrative plots based on a numerical analysis. Later on (cf. subsection
4.5.3), we will discuss the perturbational approach to the work distribution (4.1), as well. The
heat distribution (4.12) is given by a sum of J-peaks. Hence, the cumulative distribution,

Q
PuilQ) = [ 4Q'P(Q), (4.19)

is given by a sum of step functions. In Fig. 4.1 we plot Pint(Q) for different time spans 7. We

Pint(Q) Pin’[(Q)

10— 1.0;—,_.—

0.8} 0.8

0.6 06|

0.4} 0.4t

0.2} 0.2
3 -2 -1 1 g Qi ey 1o g Qlhel

Figure 4.1: Cumulative heat distribution Pint(Q) (4.19) with v = hiw /20, pao = 2, B = 1, and
T = 10 (left) and T = 20 (right).

choose initial conditions, where the subsystem A starts with smaller temperature than subsys-
tem B,i.e. Bo > Bp. We observe that the mean heat flux is larger than zero, as B is in a hotter state
than A. However, due to the small system size fluctuations are important and, thus, negative
values for the heat transfer occur. That means explicitly that there is a nonzero probability that
for single realizations heat flows from cold (subsystem A) to hot (subsystem B). Furthermore,
the mean heat exchange, (Q), grows with time and the distributions broaden by increasing the
process time, i.e. the longer the subsystems interact, the more account fluctuations.

4.2 Generalized Clausius inequality

In the last section we introduced the quantum mechanical notions of heat and work. We ana-
lyzed, why we cannot define an operator describing work or heat. Hence, we concentrated on
the statistical properties. For nonequilibrium situations, however, the irreversible entropy pro-
duction characterizes the dynamics. We saw earlier (cf. section 3.2) that the time averaged Bu-
res length is appropriately measuring the distance of a nonequilibrium to an equilibrium state.
Now, we return to a thermodynamic approach by generalizing the Clausius inequality (2.4)
to quantum processes. Classical thermodynamics, however, merely states that the irreversible
entropy production during an arbitrary process is always nonnegative [Pri47], AS;; > 0, with
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4 Unitary quantum processes in thermally isolated systems

equality for quasistatic processes. The validity of the latter Clausius inequality is independent
of the kind of operation on the system. For highly nonquasistatic transformations, however, the
information gained about the size of AS;; is not very sharp. Hence it would be desirable to gen-
eralize and sharpen the Clausius inequality for isolated quantum systems undergoing processes
arbitrarily far from equilibrium (see also [DL10]). To this end, we, first, identify the irreversible
entropy production, S;;, and second, sharpen the Clausius inequality by deriving a lower bound
in terms of the Bures length (3.30) between the final nonequilibrium and equilibrium states. Fur-
thermore, we assume the system to be isolated during the process under consideration. Never-
theless, initially the quantum system starts in a thermal equilibrium state. The latter assumption
is justified for systems which are ultra-weakly coupled to a thermal environment. Then the
time scales of the interaction between system and bath are infinitely large compared to the time
scales of the considered nonequilibrium processes. Hence, the dynamics of the system during
such a process can be described by unitary dynamics, whereas for quasistatic driving the system
remains in thermal equilibrium at all times.

4.2.1 Irreversible entropy production

We start by deriving an analytic expression for the irreversible entropy production from micro-
scopic principles. Usually the entropy production, AS;;, is identified with the mean irreversible
part of the work [Cro98],

,B <Wir> = AS;, (4.20)

where (W;;) = (W) — AF. Here, AF is the equilibrium work performed during quasistatic pro-
cesses. It is worth emphasizing that we compare a fast, nonequilibrium situation, described by
W, with its thermodynamic equivalent AF. The equilibrium process, however, cannot be real-
ized by unitary dynamics, since the system relaxes infinitely fast to equilibrium. As discussed
earlier quantum mechanically work is not an observable (cf. subsection 4.1.1). It is rather given
by a time-ordered correlation function and, hence, special interest lies on the probability distri-
bution (4.1),

PW)=Y 6(W—(Ey—E)) Pupa- (4.21)

Here, (E}, — EY) is the microscopic work defined by the difference of initial and final energy
eigenvalues. Starting with a canonical preparation one has to average over the given initial (ther-
mal) density operator pg = exp (—BHp)/Zo with eigenvalues pY. Further, quantum mechanics
introduces additional uncertainty by possible transitions with probabilities py, , between ini-
tial and final states |19) and |m+). The derivation of the expression for the irreversible entropy
production starts with the averaged work,

(W) =Y (B, — E3) Prun P (4.22)
m,n
We define the thermal density operator at time T as, p7' = exp (—BH.)/Z. with eigenvalues

pr.» which corresponds to the equilibrium state of the final configuration of the system. Thus,
Eq. (4.22) can be rewritten,

BW) =Y p)Inp) =Y phpr, Inpy +1In(Zo/Zy), (4.23)
n m,n
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4.2 Generalized Clausius inequality

and we obtain with the statistical definition of the free energy, AF = —1/8 In (Z+/Zp), and an
expression of the second law, (W) = (Wi) + AF, that the irreversible part of the work is given
by,
B(Wir) =) pyInpy =Y popn, Inpy,. (4.24)
n mmn

On the other hand, the quantum Kullback-Leibler divergence [KL51, Ume62], the relative en-
tropy, is defined as,

S (pelpF1) = tr {prInpr — pr Inp?l} . (4.25)

The relative entropy, S (p<|[p%), is a non-commutative measure of the distinction between two
density operators, pr and p7'. Moreover, S (p||p7!) > 0 with equality only for identical den-
sities (cf. appendix A.1). Equation (4.20) can be evaluated by applying the equilibrium density
operators explicitly and we conclude by comparing Egs. (4.23) and (4.25),

B(W) =S (p<|lp7}) + BAF, (4.26)

and especially
ASir - ,B <Wir> =S (PTHP?L’q) > 0/ (427)

which constitutes our first quantum generalization of the second law of thermodynamics. Arbi-
trarily far from equilibrium the irreversible entropy production is given by the relative entropy
measuring the distinguishability of the final nonequilibrium density, p-, and its equilibrium
counter part, p; 1. By further noting the invariance of S (p-||o7!) under unitary transformations
[Ume62] we rediscover in the classical limit the results of [PdB07] and [V]09]. We note, however,
that the relative entropy is not a true metric, as it is not symmetric and does not satisfy the trian-
gle inequality; it, therefore, cannot be used as a proper quantum distance. Moreover, the exact
result in Eq. (4.27) is not very suitable for practical use. For the evaluation of the relative entropy
the full density operators are needed. Hence, we next derive a lower bound for the quantum
entropy production, which we express in terms of the fidelity, one of the most commonly used
and well-studied measures in quantum information theory [NCO00].

4.2.2 Lower bound for the irreversible entropy

The relative entropy, S (p1||p2), measures the distinguishability of two density operators, p; and
p2. However, S (p1||p2) is neither symmetric nor fulfills a triangle inequality. In an earlier chapter
(cf. subsection 3.1.2) we discussed the Bures length as a proper distance on the space of density
operators. Hence, we would like to estimate the irreversible entropy production (4.27) from
below with the help of the Bures length, £. To this end we, first, analyze the Kullback-Leibler
divergence, D (p1]|p2), i-e. the classical relative entropy of two probability measures, p; and py.

Lower bound in terms of the Bures distance

Let us start by introducing the Hellinger distance, h. Like Wootters’ statistical distance (3.17) the
Hellinger distance is a measure of the distinguishability of two probability distributions. It is,
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4 Unitary quantum processes in thermally isolated systems

as well, a true distance, which fulfills the mathematical conditions, i.e symmetry, non-negativity
and the triangle inequality. For two probability distributions, p; and p», h is defined as,

W2 (p1,p2) = /dx <\/p1 (x) — \/Pz (x)>2 . (4.28)

Definition (4.28) can be rewritten in terms of the continuous, classical fidelity function (3.18),

f(p1,p2) = [dxy/pi(x)p2(x), as,
h(p1,p2) =1/2—2f(p1,p2)- (4.29)

The corresponding Kullback-Leibler divergence between p; and p» can, now, be estimated from
below. With the functional estimation, \/y —1 > 1/2 In (y), we write,

p(x) o1y (P2(®)
p 72 (m (x))‘ (%30

The latter equation has to be averaged and we obtain by taking expectation values with respect

to p1,
: (1 : < m>p> : <ln (2 Ei;»p ‘ 31)

Hence, we conclude that the Kullback-Leibler divergence of two probability distributions, p;
and p», is bounded from below by the square of the Hellinger distance between p; and p,,

D (p1llp2) = 2=2f (p1,p2) = I* (p1, p2) - (4.32)

Next, we generalize the classical bound (4.32) to density operators involving mixed quantum
states. The quantum generalization of the Kullback-Leibler divergence, D (p1]|p2), is given by
the relative entropy, S (p1||p2). Moreover, the quantum analog of the classical Hellinger distance
(4.28) is given by the Bures distance, D. Here, the Bures distance is a further element of the
distance family implied by the Bures metric (cf. appendix A.3). Thus, D reads in terms of the
quantum fidelity (3.19),

D? (p1,02) =2 (1 —/F (m,pz)) : (4.33)

As we discussed earlier (cf. subsection 3.1.2) the fidelity function for mixed quantum states is
given by the overlap of pure states in an enlarged Hilbert space. Hence, the quantum version of
the expectation values in Eq. (4.30) are obtained by taking the partial trace over the purifications
of p1 and p; and we obtain,

2 < F (p1,p2) — 1> <(In(p1) —In (2)), - (4.34)

Concluding, the relative entropy and, therefore, the irreversible entropy production (4.27) is
bounded from below by the Bures distance between the final nonequilibrium state, p,, and its
equilibrium counter part, piq,

ASiy > D (pr, ) - (4.35)
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The latter equation constitutes our first generalization of the Clausius inequality. In other words,
inequality (4.35) quantifies in a precise way the intuitive notion that the irreversible entropy
production is larger, when a system is driven farther away from equilibrium. However, the
lower bound in terms of the Bures distance is merely useful for nonequilibrium processes which
drive the system not to far away from equilibrium. The Bures distance is bounded from above,
whereas the relative entropy grows exponentially. Moreover, the Bures distance, D, lacks a clear
physical interpretation in contrast to the Bures length, £, being the generalized angle between
mixed quantum states. Hence, we sharpen the latter inequality (4.35) in the following and ex-
press the lower bound of the irreversible entropy production in terms of £ (3.30).

Lower bound in terms of the Bures length

Only recently Audenaert and Eisert established a mathematical, lower bound for the relative
entropy [AE05]. For any unitarily invariant norm, d(p1, p2), it can be shown that,

d(p1,
S(p1]lp2) > s (%ﬁ%) , (4.36)

where ¢/ = |i)(j| are the projection operators, i.e. the matrices with the i,j element equal to 1
and all other elements 0. The function s(.) is obtained by an optimization procedure and can,
eventually, be written as,

. x X
s(x) = min {(1 —r+x)log (1 + E) + (r —x)log <1 - ?>} . (4.37)
Generally, the minimum on the right hand side of Eq. (4.37) has to be evaluated numerically.
However, it can be expanded in series around x = 0, which converges quickly. The leading
orders of the series expansion read,

s(x) =2+ yt g 326y 992 5, 0656

10 12
o¥ T35 510" T3gst O (4.38)

For a discussion of the convergence of the series we refer to the literature [AE05]. Note, how-
ever, that the latter expansion (4.38) is more precise than earlier published versions due to the
evaluation of two higher orders.

Now, we can choose an arbitrary, unitarily invariant norm, d, to evaluate the sharp lower
bound of the relative entropy (4.36). Thermodynamically relevant distances should be physi-
cally motivated and to some degree unique [Rup95]. Since we saw earlier that the Bures length,
L (3.30), is an appropriate measure for the distance between equilibrium and nonequilibrium
states, we proceed with s(£). Noting that £ (e, ¢2?) = 71/2, since the two matrices are orthog-
onal (F (elfl, 62’2) = 0), we obtain the generalized Clausius inequality,

ASy > s <% L (pz, p'iq)> > % L2 (7, 077) , (4.39)

7T

where the last term on the right hand side of Eq. (4.39) is the leading quadratic order. The latter
Eq. (4.39) constitutes a sharp lower bound on the irreversible entropy production. Consequently,
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4 Unitary quantum processes in thermally isolated systems

Eq. (4.39) is the properly generalized Clausius inequality for nonquasistatic quantum processes.
The loss during an arbitrary process can be estimated from below with the length measuring the
distance between the current state and the corresponding equilibrium one. From an experimen-
tal point of view the generalized Clausius inequality (4.39) estimates the quality of a process with
the help of the fidelity. Moreover, we conclude that the minimal irreversible entropy production
is governed by the generalized angle between the final nonequilibrium state and its correspond-
ing equilibrium one. The higher orders in the series expansion are essential for a sharp lower
bound, since for large excitations the angle converges to its maximal value 71/2, whereas AS;,
grows continuously.

In Fig. 4.2 we compare the above, constructively derived lower bound in terms of the Bures
distance, D in Eq. (4.35), with the leading order of the series expansion in terms of the Bures
length, £ in Eq. (4.39). We observe that both distance measures behave qualitatively similarly
as both are implied by the same underlying metric (cf. appendix A.3). In the leading order, the

Lower bound
20

15/
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Figure 4.2: Lower bounds for the entropy production 8/7*£? (pr,p5') (blue, solid line) and
D2 (pr, 07 (red, dashed line) as a function of the fidelity F (p, 7).

Bures distance (4.35) sets a sharper lower bound on the irreversible entropy production. How-
ever, the Bures length, i.e. the angle between the final nonequilibrium state and its equilibrium
counter part, has a clear physical interpretation, whereas the Bures distance is merely a related
mathematical quantity. Finally, the constructively derived lower estimation (4.35) is recovered
as leading order of the series expansion (4.38) in terms of the Bures distance.

For almost quasistatic transformations, where the system remains close to an equilibrium
state at all times, the entropy production can be approximated by the infinitesimal Bures length,
L(p*1 4 dp) [LPO5],

45 (0 +dpl[p*9) = L2 (0*I +dp,p) . (4.40)

The latter Eq. (4.40) constitutes with Eq. (4.27) the quantum generalization of Salamon’s in-
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4.2 Generalized Clausius inequality

finitesimal expression for the classical entropy production published almost thirty years ago
[NB84, SB83, AA85]. Whereas in the classical case the generalized Clausius inequality easily fol-
lows from integrating the classical equivalent of Eq. (4.40) and the Cauchy-Schwarz inequality
[Cro07], here, we have to deal with infinitesimal changes in the operator space. Concluding,
our generalized Clausius inequality (4.39) implies in the classical limit extensions of previously
proposed results. So far the entropy production was estimated [SB83, NB84, AA85, Cro07] from
below by the square of the thermodynamic length. Earlier derivations, however, are only valid
for open systems close to equilibrium. Here, the classical limit of the generalized Clausius in-
equality is valid for closed systems arbitrarily far from equilibrium.

4.2.3 Upper estimation of the relative entropy

In the last subsection we proposed a lower bound on the irreversible entropy production in
terms of the Bures length (4.39). The derivation is based on an analytic, sharp bound on the
relative entropy. The relative entropy, however, is a complicated function, which grows expo-
nentially. Hence, we ask for a further upper bound in order to estimate the relative entropy from
below and from above. To this end, we make use of various algebraic inequalities. We start with
the estimation [OZ01],

1
tr{p1lnp; —p1Inpr} < St {p%*” P, — pl} , (4.41)

which is true for all positive definite operators, p; and p, and v > 0. For our purpose we
can concentrate on the final nonequilibrium and equilibrium densities, p; and p3'. Further, we
choose v = 1 and obtain with the normalization of density operators, tr {p} = 1, the upper
bound,

tr {prInpr —prInp?} < tr {p% (piq)*l} -1 (4.42)

For the sake of simplicity we further estimate the relative entropy in Eq. (4.42) by making use of
the inequality [Mir75],

n
tr{p1p2}| < Y o}o?, (4.43)
r=1

which holds for any complex n x n matrices p; and p, with descending singular values, o{ >
> (7% and (712 > ...> (7;3. The singular values of an operator T acting on a Hilbert space are
defined as the eigenvalues of the operator vV T*T. If the p; and p; are density operators acting on
the same Hilbert space, Eq. (4.43) remains true for arbitrary dimensions and the singular values
are identically given by the corresponding eigenvalues [Gri91]. Hence, Eq. (4.42) can be further
estimated to yield,
0)2
(Pn)”

tr {PT Inp: — pr 1ﬂPiq} < Z— 1, (4.44)

T
n pi’l

where, as before, p% o« exp (—BEY) and p{ o« exp (—BE]) denote initial and final eigenvalues
of the equilibrium density operators. Note that the upper bound on the relative entropy in
Eq. (4.44) is independent of the nondiagonal matrix elements of o, and p5'. In the general case
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4 Unitary quantum processes in thermally isolated systems

the quantum relative entropy can, now, be estimated by an only recently proposed inequality

[SS00],
2 2
y 7 () ;.1 <max {_P(x) } _ min{—p(x) }) . (4.45)
X Q(x) 4 \ xex q(x) xeX q(x)
Hence, the final upper bound on the quantum relative entropy reads,

1 Ph P\
AS; < 1 <max {p—z} — min {P_Z }) , (4.46)
n n n n

which generalizes the earlier published classical inequality [SS00] taking nondiagonal density
operators into account. For thermal states, however, where p,, « exp (—BE,), the latter inequal-
ity (4.46) is only useful for E} < EY. Merely in this case the right hand side takes a finite value
and infinity otherwise. On the contrary, the irreversible entropy production can always be es-
timated from above with inequality (4.44). The upper bound can then be evaluated explicitly
with the eigenvalues of the according initial and final equilibrium states of the system.

In the latter upper estimation of the relative entropy we rediscovered the algebraic difficulties
arising from nondiagonal density operators. Moreover, a physical interpretation of the upper
bound (4.46) is lacking. Therefore, we turn in the following to a physically fundamental bound
on the maximal rate of entropy production.

4.3 Maximal rate of entropy production

Nonequilibrium irreversible phenomena are not only characterized by the irreversible entropy
change, but also by the rate of entropy production, o = AS;; /7. The entropy rate, o, is a central
quantity that is associated with the speed of evolution of a nonequilibrium process [dGM84].
In the last chapter we identified a fundamental minimal time, T, which limits the speed of
quantum evolution. It can be written in terms of the time average mean energy, E., and variance,

AE+, as (3.78),
hL(pc,po) 7L (pr,p0)

= 4.47

TQSL max { ET ’ A ET ’ ( )

where L (pr,p0) is the Bures length (3.30) between initial, pg, and final state, p-. Hence, the

maximal rate of irreversible entropy production, omax = ASir/TgsL, is bounded from above by

the minimal time the quantum system needs to evolve from its initial to its final state. For the
sake of clarity we, furthermore, write AS;; explicitly as,

ASix = B (Hx) — B (Ho) — BF: + BFo. (4.48)

By making use of a formulation of the second law, AF = F; — Fy < (H) — (Hp), the irreversible
entropy production can be estimated from above by,

ASiy <2B((H7) + (Hp)) , (4.49)

where we, moreover, assumed for the sake of simplicity that AF > 0. Now, combining Eqgs. (4.47)
and (4.49) the maximal rate of irreversible entropy production, omay, is given by,

2 ((He) + (Ho)
T R L (o, p0)

min {E., AE;} . (4.50)
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The latter equation constitutes a fundamental upper bound on the quantum speed of evolution
during a nonquasistatic process. The upper bound goes to infinity for identical states, pr =
po, and takes its finite minimum for orthogonal initial and final states governed by the time
averaged energy during the process of the system with respect to its initial and final state. The
fundamental maximal rate (4.50) is a mere quantum result, which is based on the Heisenberg
uncertainty of energy and time. A classical equivalent is lacking and, hence, the maximal rate
is unbounded in classical systems. Moreover, Eq. (4.50) is a generalization of the information-
theoretic Bremermann-Bekenstein bound [Bre67, Bek74, Bek81, BS90], which we will derive from
Eq. (4.50). The Bremermann-Bekenstein bound is an upper limit on the entropy, S, that can be
contained within a given finite region of space which has a finite amount of energy, E. Let us
consider large excitations, for which initial and final state become orthogonal, £ (po, pr) = 71/2,

o < 2P (<H;>: (H0)) in {E., AE.}. (4.51)

Furthermore, we can assume for large excitations and continuous parameterizations that the
final energy is much larger than the initial one. For large heating rates, (H;) > (Hy), we hence

conclude,

G < % min {E., AE,}. (4.52)
In the high temperature limit, i < 1, the latter Eq. (4.52) further simplifies by noting, E- ~ 1/
(AE; ~ E;/V/N < E. for N degrees of freedom),

;< % (Hy) . (4.53)

The Bremermann-Bekenstein bound gives the maximum quantum communication rate (capac-
ity) that is possible through a noiseless single channel with signals of finite duration. We stress
that the present derivation is solely based on the thermodynamic definition of the entropy pro-
duction (4.20) and does not make any reference to information entropy or channels; it is, thus,
free of the caveats of the original derivations, such as the use of the periodic boundary condition
approximation [BS90]. Finally, in the classical limit, 7 — 0, the bound becomes arbitrarily large
and, hence, entropy can be produced in classical systems arbitrarily fast.

4.4 lllustrative example - the parameterized oscillator

In the latter subsection we generalized the Clausius inequality by deriving a sharp lower bound
for the irreversible entropy production (cf. Eq. (4.39)). Moreover, we found a fundamental
quantum upper bound on the speed of nonequilibrium processes, namely a maximal rate of
entropy production (cf. Eq. (4.50)). The present section illustrates the latter results for a com-
pletely, analytically solvable system, namely the parameterized harmonic oscillator. As before
(cf. Eq. (3.40)), the Hamiltonian reads,

2

_ P M 5o
Hi = g 5 wp 2. (4.54)

where the angular frequency, wy, is varied from an initial value, wy, to a final value, w, during
the time interval, 0 < ¢ < 7 (cf. [Def08]).
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Figure 4.3: Irreversible entropy production (4.55) (blue, solid line) together with the lower bound
(4.39) in lowest order expansion (red, dashed line) and including higher orders (4.38)
(green, dotted line).

4.4.1 Lower bound on entropy production

Now, we want to illustrate the sharpened Clausius inequality (4.39). To this end, we, first, have
to evaluate the irreversible entropy production, AS;;. For the parameterized harmonic oscillator
we obtain [DL08b, AL10] (cf. appendix B),

_ Bh(wi—wo) . p sinh (B/2 hawy)
AS;i, = B R Q" coth <§ hw0> —1In <W> , (4.55)

where Q* is again the nonadiabaticity measure (B.11). For the lower bound in terms of the Bures
length, £, we need an explicit expression for the fidelity function, F, between the current state,
P+, and its equilibrium counter part, piq. For Gaussian states the fidelity can be evaluated (cf.
subsection 3.2.2) and the result is given by the lengthy expression in Eq. (3.47). In Fig. 4.3 we
plot the irreversible entropy production, AS;;, as a function of Q* together with the lower bound
in the lowest order expansion and including the first five non-vanishing orders. The farther
away from equilibrium the process operates, i.e. the higher the value of Q*, the more entropy is
produced irreversibly. Furthermore, the quadratic order converges quickly to its maximal value,
whereas including the higher terms significantly sharpens the estimation.

4.4.2 Maximal rate of entropy production

For the illustration of the maximal rate of entropy production, omax in Eq. (4.50), we have to
evaluate the fidelity between the initial density operator, po, and the final one, pr. Analogously
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to the above derivation (cf. subsection 3.2.2) we obtain,

B 2 (cosh (Bhwy) — 1)
Flpope) = V3= 9+ (1+ Q) cosh (2Bhwy) —2° (4:56)

where we introduced the quantity,

1 . .
Q= 2 {wWh [w§ X2+ X2 + [w§ Y2+ Y2} . (4.57)
0

Similarly to Q* the quantity Q is a measure of the adiabaticity of the process. Since, however, the
tidelity between the initial equilibrium and the final nonequilibrium state is independent of the
equilibrium state of the final configuration, the final frequency, w;, does not explicitly appear.
Hence, Q is a mere mathematical tool which lacks a clear physical interpretation in contrast to
Q* (cf. appendix B). However, for cyclic processes, w1 = wy, the measure of adiabaticty, Q*,
reduces to Q. Moreover, we evaluate again the low and high temperature limits. In the zero
temperature regime, 1 > 1, the fidelity F (po, p-) reduces to,

2
mp>1 V149 (4.58)

On the other hand, we obtain in the classical limit, i < 1,
2
gt 14+ Q°

It is remarkable that the zero temperature limit is given by the square root of the classical result.
Now, we illustrate in Fig. 4.4 the maximal rate, omax in Eq. (4.50). Here, omayx is plotted as a

F (00, or)

F(pep?) | (459

function of Q* and Q. For equilibrium processes, Q* = Q = 1, the maximal rate diverges,
O max g max
200; 200?
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100} 100}
N— 20 25 @ V011 i1a 13 14 1s 1s 17

Figure 4.4: Maximal rate of irreversible entropy production, omax, (4.50) as a function of Q* (B.11)
(left) and Q (4.57) (right)

since the corresponding processes are either operating infinitely slowly on the system or all
intermediate states are almost indistinguishable. For systems driven very far from equilibrium,
the maximal rate grows, since the minimal quantum evolution time decreases by investing more
energy on the time average. For finite time driving and investing finite energy, the maximal rate
of irreversible entropy production has a minimum.
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4.5 Experimental realization in cold ion traps

In the preceding chapter as well as in the latter section we illustrated newly derived results
with the help of a parameterized harmonic oscillator. Now, the present section is dedicated to
an experimental realization in cold ion traps. Thus, we will confirm that the time-dependent
harmonic oscillator is not only a toy model, but also has physical relevance. A unique property
of ion traps is the possibility to study quantum systems that are either isolated or coupled to
tailored quantum environments using reservoir engineering [CZ96, MW00a]. Single ions in ra-
dio frequency traps are quantum nanosystems with remarkable properties. They can be laser
cooled to very low temperatures, reaching to the motional ground state in the potential. The use
of a segmented trap further allows for engineering a vast variety of time-dependent trapping
potentials. Hence, trapped ions are not only good candidates for quantum computing, but may
also allow us to experimentally approach the verification of the generalized formulations of the
second law [DL08a].

4.5.1 Experimental set-up

(a) de-blade (b)

Segment no de-blade RF-blade
1 23 456-1314 15

Blade 7
holder

RF-blade de-blade

Figure 4.5: Electrode design. (a) Close-up view of the blade design with loading, taper, and
experimental zone. (b) Sketch of assembled X-trap consisting of four blades. Com-
pensation electrodes C1 and C2 are parallel to the trap axis. (Taken from [SSK08])

Let us start with a summary of the experimental set-up. For a detailed discussion we refer to
[SSKO08]. The trap consists of four blades, of which two are connected to a radio frequency (rf)
supply and two are segmented with static (dc) voltages, cf. Fig. 4.5. The dc- and rf-blades are as-
sembled perpendicular to each other. The complicated design of the trap is chosen to define the
trap potential with high accuracy and to suppress precession of the trapped ion. In Fig. 4.6 we
show results of numerical simulations for the confining potential. We observe that in a very good
approximation the trap potential is given by the parameterized harmonic oscillator (4.54). The
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time-dependence of the angular frequency is controlled externally by changing the (dc) voltage
at the blades. Besides the external, motional degrees of freedom the ion (e. g. “°Ca™) provides an
internal, electronic level scheme. For the further exploration we choose a A system comprising
the ground state S;,, and two exited states P;,, and Ds/,. The state P/, has a short lifetime
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Figure 4.6: (a) Contour plot of the potential in the (x — y)-plane in the experimental zone. (b)
Cross-section trough potential along x = y-direction. (Taken from [SSKO08])

and decays rapidly into the S;/,-state. This decay provides a high spontaneous photon scatter
rate used for fluorescence detection. The D5 /,-state is populated with laser pulses, if the spectral
bandwidth of the S;,, — D5/, exciting light field is small compared to the sideband structure.
Thus, coherent laser pulses allow the exploitation and storage of the motional quantum state
information in the internal quantum states.

4.5.2 Verifying the quantum Jarzynski equality

In the beginning of the chapter (cf. subsection 4.1.1) we discussed how to derive the quantum
Jarzynski equality (4.7). Now, we describe the experimental verification with the help of cold
ion traps introduced above. The measurement procedure can be taken as a paradigm for the
experimental realization of other above introduced generalizations of the second law.

The crucial point in experimental verifications is the measurement of the instantaneous quan-
tum state of the system. To this end, a measurement device filtering all possible states is neces-
sary.

Filtering scheme

The basic idea of our filtering is a null measurement. To this end, laser pulses are applied de-
terministically depopulating a single state, which is supposed to be occupied. If a successive
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fluorescence measurement yields dark, it can be concluded that the system was in the supposed
state. In the following, we describe how this idea is implemented for the ion trap.

The filtering scheme starts with a sequence of laser pulses being applied to the ion on the nar-
row S to D transition, coherently processing its internal and external degrees of freedom. This
pulse sequence is tailored such that the ion will end in the metastable D5 /,-state with certainty,
if the vibrational quantum state was |est). Subsequently, the ion is illuminated with light res-
onant to the Sy, to Pj/; transition. If we observe no fluorescence, the ion is measured in the
Ds ,-state. However, for vibrational states different from |meqt), the laser pulse sequence leads
to a superposition state, €|Sq,2) + B|Ds,2), such that there remains a non-vanishing probability
|B|? of projecting the superposition into |Ds,,), and thus observing no fluorescence. Therefore,
the procedure is repeated a few times such that a high quality of the filtering procedure is en-
sured. Considering the evolution of the quantum state itself, the influence of the above sequence
reminds of the operating principle of a filter: its projective transmission is unity for a certain in-
put state |mest) and zero otherwise. This laser pulse sequence is adapted to reach all relevant
eigenstates |n) and |m). Moreover, to estimate the time for one whole experiment cycle from
preparation to detection, we can assume a few 10usec for sideband pulses and a few hundred
usec fluorescence detection time. Thus, one cycle with multiple filtering iterations will take
less than 10 msec, which is short compared to the lifetime of the D5 ,-state (1.2 sec for “°Ca™)
[DLO8a]. Therefore, it is assured that the system is fairly isolated from the environment and the
dynamics are to very high accuracy unitary. With that filtering scheme the probability distri-
bution of the work (4.1) can be determined and, finally, the quantum Jarzynski equality (4.7)
verified.

Measurement protocol

Now, we turn to the experimental measurement protocol of the work distribution. It can be sum-
marized to consist of four consecutive steps:

1. The trapped ion is prepared initially in a thermal state with mean phonon number, (1) =
(exp(Bhwo) — 1)7!, in the electronic ground state S-level by laser cooling and optical
pumping. To this end, the ion is laser cooled into the vibrational ground state, |[n = 0), and
subsequently allowed to heat up for a certain time without laser cooling. As the heating
rate of the ion within the trap can be precisely measured, this procedure is favorable for
very low values of ().

2. In the second step, the initial phonon number, 7, is measured using the filtering scheme
described in detail above. In this way, the initial energy eigenstate, E, is determined from
spectroscopy measurements.

3. In the third step, the trap potential is varied from an initial value, wy, to a final value, w-.
This changing potential will, in general modify the ion’s motional state into a nonequilib-
rium state, while its internal electronic state remains unaffected.

4. In the last step, the new phonon number, m, is measured using the filtering scheme and the
final energy eigenstate, E;, is determined. The distribution of the nonequilibrium work,
W = E}, — EJ (cf. Eq. (4.1)), is then reconstructed by repeating the measurement sequence.
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By evaluating both sides of Eq. (4.7) for adiabatic and nonadiabatic processes, the Jarzynski
equality can be verified.

The above explained filtering scheme and measurement protocol are described for the ideal case.
However, in real experimental situations one has to handle additional external perturbations.
Whereas the filtering and the measurement protocol remain unaffected, the outcome has to be
analyzed carefully. Especially, the heating of the cold ion induced by the electronic surroundings
might disturb the desired measurement. Hence, we analyze in the following the effect on the
work distributions of external perturbations on the ion trap.

4.5.3 Anharmonic corrections and fluctuating electric field S

The two main sources of external perturbations can be identified as imperfections of the har-
monic trap and electromagnetic background radiation. Since, however, in the real experiment
a main focus lies on avoiding external perturbation, we can assume anharmonic corrections to
the harmonic trap and heating rates to be perturbatively small. Thus, we develop in the present
section a perturbative approach to determine the quantum work distribution, P (W) in Eq. (4.1).
We treat in detail the case of a small quartic correction to the potential as well as the effect of a
small external fluctuating electric field on a charged harmonic oscillator. Both situations are mo-
tivated by the experimental study of the quantum work statistics in linear Paul traps [DL08a].
First, however, we discuss the perturbational approach to the work distribution (4.1) of the har-
monic oscillator without external perturbations. Here, we mainly concentrate on the transition
probabilities, py, ,, since the initial distributions and the energy eigenvalues are known for the
harmonic oscillator for any point of time.

Perturbation theory

To this end, let us start by separating the Hamiltonian (4.54) into the initial harmonic oscillator
and a time-dependent part stemming from the change of the angular frequency wy,

H: = Ho+ O, (4.60)
where we have introduced the unperturbed, initial Hamiltonian Hy,
2
_ P M 5,
Hy = i + > wpx“. (4.61)
The perturbation term in the Hamiltonian is given by,
Q; = —% (w§ — wi) 2%, (4.62)

where the latter can be considered as small for small frequency changes. In first order time-
dependent perturbation theory, the transition probabilities between initial state, |), and final
state, |m), are given by [DL77b],

2

T
1 .
p;,n = |Omn + - /dt exp (iwWmnt) Q,tﬂ,n , (4.63)
0
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4 Unitary quantum processes in thermally isolated systems

where hwy,, = EJ — EY denotes the difference of the unperturbed energy eigenvalues and,
QOF, , = (m|Qy|n), are the corresponding interaction matrix elements. By expressing the position
operator, x = v/i/2mwy (a* + a), in terms of the usual ladder operators, a*|n) = vVn+1|n+1)
and a |n) = \/n |n — 1), the interaction matrix elements can be written explicitly as,

by = ——— (- w?) [\/n FIVA+ 20mpia+ 20+ 1) 6pp + Vi — 1/ 5m,n_2] (4.64)

with the Kronecker-delta J,, ,. Equation (4.64) shows that only transitions that satisfy m = n +2
are possible. It should be emphasized that this selection rule is at variance with usual textbook
examples which contain the selection rule m = n £ 1. The latter applies to a quantum oscillator
driven by a small perturbation linear in the position, whereas we here deal with a perturbation
(4.62) which is quadratic in x. The full expression of the transition probabilities (4.63) that follow
from Eq. (4.64) can be found in [AL10]. In appendix B we propose the completely analytical
solution of the parameterized harmonic oscillator. The selection rule, m = n £ 2, is rediscovered
in terms of the exact transition probabilities (B.33) and (B.34). The perturbation theory has the
advantage that all structural properties of the work distribution are already present for small
frequency changes. Now, let us turn to additional external perturbations.

Anharmonic corrections

Above we discussed a method how to experimentally measure the quantum work distribution in
modulated ion trap systems. Next, we investigate the influence of a small quartic anharmonicity
on the work distribution P(W). As before, we write the total Hamiltonian as,

Hy = Ho+ QO + Ay, (4.65)
where the first anharmonic correction is given by,
Ay = xt. (4.66)

The total transition probabilities can then be written as,

2

T
1 ‘
Piun = S+ = / dt exp (iwnut) (O, + AL )| (4.67)
0

where Afﬂ,n are the anharmonic interaction matrix elements. The analytic transition probabili-
ties, py, ,, are again given in [AL10]. The complete results are omitted here due to the lengthy
expressions of the formulas. For the sake of clarity, we will continue with a numerical discus-
sion of the structural properties of the resulting work distribution. For the numerical analysis,
we choose the parameterization of w? to be linear in time,

wi = wh+ (wi — wf) t/T. (4.68)

Since the anharmonic corrections are given by the geometric set-up and, hence, directly scale
with the angular frequency of the harmonic oscillator, we assume that

ap =0y (wi —wf) t/7. (4.69)
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4.5 Experimental realization in cold ion traps

var (W)
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Figure 4.7: Variance and mean (inset)of the work for an oscillator with weak anharmonic correc-
tions (red, solid line) (4.65) compared with those of the unperturbed oscillator (blue,
dashed line) (4.54) (wp =05, 7=1, =05 M =1,1 =1 and 0, = 0.025).

The parameter o, controls the strength of the perturbation. In Fig. 4.7, we have plotted the
mean work, (W), and the variance, var(W) = <W2> — <W>2, of the work distribution for the
anharmonically perturbed harmonic oscillator (4.65), together with the exact result for the un-
perturbed oscillator (4.54). We observe that both quantities are enhanced by the anharmonicity.
From the analytical expressions of the transition probabilities (cf. [AL10]), we see that additional
transitions m = n + 4 now become possible because of the quartic correction. These additional
transitions lead to a larger mean and variance of the work. Based on our discussion in appendix
B, we can, therefore, conclude that the anharmonic perturbation increases the degree of nonadi-
abaticity of the frequency change. Numerical comparison further shows that the effect of A; can
be neglected up to a strength of roughly one percent, 0, < 0.01, of the harmonic amplitude ().
For a standard trap configuration with trap frequencies of the order kHz-MHz, the harmonic as-
sumption is fulfilled up to energies of the order of eV (cf. [SSK08]) and the effect of anharmonic
corrections is negligible for these energies.

Random electric field corrections

Linear Paul traps are almost perfectly isolated from their surroundings. They, however, suffer
from the presence of random electric fields that are generated in the trap electrodes [MWO0O0b].
These weak fluctuating fields are the source of motional heating of the charged ions confined in
the harmonic trap. The Hamiltonian of the quantum oscillator in the presence of the field is,

Hy = Hy+ Qs + Ay, (4.70)
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4 Unitary quantum processes in thermally isolated systems

where the small perturbation, A, is linear in position,
At = /\tx . (471)

The function, A; = gE;, is proportional to the random electric field E; (g is the charge of the ion)
and is taken to be Gaussian distributed with

</\t> =0 and </\t /\s> = Kts - (4:72)

The heating rate of the trap is related to the spectral density of the noise A; [OT97],

“+o00
1 .
(n) ~ S / ds exp (iws) (At Apys) (4.73)

We first calculate the transition probabilities, py, ,,, for a fixed value of A; and then average over
At using Eq. (4.72). In complete analogy to Eq. (4.67), we obtain

2

T
1 .
Phun = S+ = / dt exp (i t) (U, + AL )| (4.74)
0

with the interaction matrix elements, A}, ,, given by,

[ h
Afﬂ,n = )\f 2Ma)0 < vin+1 5m,n+1 + \/Efsm,nfl) . (475)

The explicit expression of the transition probabilities can, again, be found in [AL10]. After av-
eraging over all possible A;, the transition probabilities can be divided into two distinct contri-
butions coming from the parametric variation of the frequency () in Eq. (4.70)) and the noise
term (A; in Eq. (4.70)),

(Pin)n, = Pinn(@) + P (A As)) (4.76)

Similarly, we can separate the mean final energy into a deterministic and a stochastic part,

(Hr) = Y En (Pan(@r) + pruw ((AeAs))) pa

4.77)
hwl * * :B (
= T (Q + QM) coth (E FIQJQ) .
Here, we defined in analogy to the measure of adiabaticty, Q*, for the unperturbed oscillator the
parameter Q3 as,

Q;, = (He)), , (4.78)
* hwi/2 coth (B/2hwy)

which is given by the contribution to the internal energy stemming from the external heating,

(H), = Lo (43 ) o (4022 7. @.7)
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4.6 Summary

var (W)
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Figure 4.8: Variance and mean (inset) of the work for a charged oscillator with weak electric
noise (red, solid line) (4.65) compared with those of the unperturbed oscillator (blue,
dashed line) (4.54) (wp =05, 7=1, =05 M =1, =1 and 0, = 0.025).

Equation (4.77) shows that the effect of the random electric field is to renormalize the adiabatic-
ity parameter Q* — Q* + Q}“\t. Both the mean and the variance of the work distribution are
increased as depicted in Fig. 4.8. The fluctuating field, thus, enhances the degree of nonadia-
baticity. This effect can be understood by noting that the perturbation, A, generates additional
transitions between states (the latter obey m = n 4= 1). We observe that the variance is more sen-
sitive to the perturbation than the mean, since it depends quadratically on Q* and not linearly.
For the numerical analysis we have chosen a white noise of the form,

ks =0y (wh —wi) 6(t—s), (4.80)

where the relative noise strength is given by ;. As for the case of the anharmonic perturbation,
we note that one can neglect the influence of the electric noise up to a relative strength of roughly
one percent, 0, < 0.01.

Finally, we conclude that for small geometric aberrations and weak electromagnetic back-
ground radiations effect in apparent more nonadiabatic processes. Nevertheless, the main struc-
tural properties survive as mean and variance remain qualitatively unaffected.

4.6 Summary

The present chapter was dedicated to quantum generalizations of the second law. So far we con-
centrated on isolated quantum systems, and, hence, unitary dynamics. We started by the proper
definition of quantum work and heat pointing out that thermodynamically process dependent
quantities are not given by Hermitian operators. Hence, special interest lies on the probability
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4 Unitary quantum processes in thermally isolated systems

distributions, which lead to various fluctuation theorems. Starting with the work distribution
the irreversible entropy production is identified to be given in terms of a relative entropy. This
relative entropy serves as the starting point for generalizing and sharpening the Clausius in-
equality. In particular, we derived a sharp lower bound on the entropy production in terms
of the Bures angle between the current nonequilibrium state and its equilibrium counter part.
Upper bounds on the relative entropy are more involved and only useful in a limited range of
situations. However, we found a fundamental upper bound on the rate of entropy production
implied by the quantum speed limit discussed in an earlier chapter 3. This maximal rate is a gen-
eralized version of the Bremermann-Bekenstein bound, which can, however, be derived without
the caveats of the original derivation. As an illustrative example we discussed in detail a com-
pletely analytically solvable system, namely the parameterized harmonic oscillator. Due to its
Gaussian properties the entropy production as well as the Bures angle can be evaluated explic-
itly. The parameterized harmonic oscillator serves as a paradigm for experimental verifications.
Especially, linear Paul traps are described with accuracy by isolated harmonic oscillators and
we considered how to verify the quantum Jarzynski equality in cold ion traps. Finally, we dis-
cussed within a perturbational approach experimental corrections due to geometric aberrations
and fluctuating electromagnetic fields. For most experimental situations external perturbations
result in an apparent more nonadiabatic process. In conclusion, the present chapter proposed
an enlightening set of expressions of the second law for isolated quantum systems arbitrarily far
from equilibrium. In the next chapters we will have to deal with the task to generalize the latter
results to open systems.
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5 Thermodynamics of open quantum systems

In the previous chapter we developed formulations of the second law generalized for isolated
quantum systems arbitrarily far from equilibrium. However, real physical systems are always
coupled to an environment. Especially in experiments a weak thermal background radiation
survives even for the best possible insulation of the set-up. Hence, we discuss in the present
chapter various mathematical descriptions and approximations for a quantum system coupled
to a heat bath. A lucid introduction to open quantum systems may also be found in the text-
book [BP07]. As a new result we will be able to derive a quantum version of a Jarzynski type
fluctuation theorem in the weak coupling limit.

5.1 Quantum Langevin equation

As in the classical case (cf. subsection 2.2.1) let us start by considering Langevin dynamics.
Starting from a simple model consisting of a particle of interest coupled to an ensemble of har-
monic oscillators we will derive the quantum equivalent of the classical Eq. (2.12). However,
we will realize that the quantum Langevin equation is mathematically more involved than the
classical equivalent. Hence, we will illustrate the physical properties by considering, first, a free
Brownian particle, and, second, a particle in a harmonic trap. In particular, we will see that the
mean square displacement does not vanish even in the zero temperature limit, which can be
interpreted as an expression of the Heisenberg uncertainty relation.

5.1.1 Caldeira-Leggett model

Among the first Ford, Kac, and Mazur [KM65] noted that a thermal environment can be de-
scribed as an ensemble of coupled harmonic oscillators. This model enables to obtain the quan-
tum mechanical form of the Langevin equation (2.12) for a Brownian particle moving in an
external potential. In the original derivation the quantum heat bath was given by a chain of
coupled harmonic oscillators [KM65]. In the following we consider a simpler model, in which
the quantum Brownian particle is coupled to an ensemble of independent, harmonic oscillators
[FK87]. The Hamiltonian of the total systems is, then, given by,

2

2 2
p Pi 1,2 ¢
H=Lt +v Ly oM (g —Lx) 5.1
oM (XH;zM]-Jrz 7 (qf M]-vjzx> G

where x and p are position and momentum operators of the particle, respectively. The subscript
j labels the harmonic oscillators of the bath with position operators g;, and ¢; are the coupling
coefficients. The Hamiltonian in Eq. (5.1) is often called the Caldeira-Leggett model [CL81, CL83].
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5 Thermodynamics of open quantum systems

Furthermore, to the latter Hamiltonian the canonical commutation relations are appended,
[x, p] = ih and [qj, Pk] = il ok, (5.2)

where J;  is the Kronecker-delta. The equations of motion for the time-dependent position and
momentum operators are given by the corresponding Heisenberg equations (cf. Eq. (2.39)). We
obtain for the Brownian particle under consideration,

. p .
*=r and p=—-V'(x +Zc] <q] Mv2 ) , (5.3)

and for the jth harmonic oscillator of the bath,

. Pj .
]

The equations of motion (5.4) for the harmonic oscillators mimicking the bath are simple linear

differential equations and the solution can be written as,

_ Pi0) ¢ ¢
q;(t) = q;(0) cos (v;t) + My, sin (vjt) + MjV]?" Xt — M]v]2 xo cos (vjt)
oot (5.5)
- M-]vz /dt’ x5 cos (vj (t—s)).
1770
Substituting Eq. (5.5) in the Heisenberg equations for the particle (5.3) we arrive at,
t-
Mz, = —V’(x)—/dsl"(t—s) S+ G, (5.6)
0
where we introduced the force operator, ¢;, as,
¢j pi(0) .
= (0) — —L ) 4 )|, 5.7
Gt ; [(q]( ) Wi xo> cos (vjt) + My, sin (v; t) (5.7)
and where the damping kernel, I'(¢), is given by,
;
[(t) = Z W cos (vjt) . (5.8)

Equation (5.6) already has the form of a Langevin equation. Note, however, that Eq. (5.6) is still a
deterministic equation. Hence, the stochastic nature of open dynamics has to be introduced with
the help of the surrounding harmonic oscillators. To this end, we explicitly make use of the fact
that the initial values of the bath, g;(0) and p;(0), occur merely in the external force, &;; all other
terms are functions of the variables of the particle only. Since the harmonic oscillators describe
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5.1 Quantum Langevin equation

a thermal environment, we assume them to be initially, thermally distributed, p, « exp (—BH,).
With the Hamiltonians of free harmonic oscillators, H, = Zj(p]-/ 2M; + M]-v]-/ 2 qu) we, thus,
obtain,

(pi(0)p;(0)) = bk M]éhvj coth (§ th) (5.9a)
(7;(0) Gk (0)) = djx %]V] coth <§ hvj> (5.9b)
POGEO) = —(§(0)p(0) = —5 ihd, 5.9

where we introduced, ;(0) = 4;(0) —¢;/ M]-l/j2 xo. In addition, we have the Gaussian property,
i.e. the expectation value of an odd number of factors of 4;(0) and p;(0) vanishes; the expectation
value of an even number of the factors is a sum of products of pair expectation values. With
the latter correlation functions we, now, obtain the two-time correlation function of the force
operator, ¢; in Eq. (5.7),

1 h C
5 (&8s + EsCt) = > Z coth <§ hv]) cos (vj (t—s)), (5.10)
j ivi
and for the two-time commutator,
[Gt, &s] = —zhz sin (vj (t —s)). (5.11)

Equation (5.6) together with the statistical propertles of the force operators, ¢;, in Egs. (5.10) and
(5.11) almost constitutes the desired result. However, we still have a single particle coupled to
a discrete set of harmonic oscillators, which are thermally distributed. The quantum Langevin
equation describes a Brownian particle with a stochastically fluctuating force stemming from a
continuous bath. Hence, we define the spectral density, J (v),

7TC]

T =Ly =) (5.12)

where ¢ (.) is the Dirac-0-function. With the spectral density, J (v), we can rewrite the damping
kernel, I'(t), the random force, {;, and, thus, Eq. (5.6) continuously. The result is a set of equations
constituting the quantum generalization of the classical Langevin equation (2.12) with Gaussian,
colored, quantum noise,

M = —V'(x /dsr (t—s) %+ & (5.13a)

T(t—s) — —/d” ) cos (v (£ —s)) (5.13b)
%(Ctés + &) = E/dv J (v) coth <§ hv) cos (v (t—5s)) (5.13¢)
&, &) = —% / dv 7 (v) sin (v (t—s)). (5.13d)
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5 Thermodynamics of open quantum systems

Note that the quantum Langevin equation (5.13) is an equation for the position operator, x;,
of the quantum Brownian particle. Moreover, the quantum nature of the heat bath introduces
memory effects as the fluctuating force operator, ¢;, is not é-correlated. The classical limit of
Gaussian white noise, (§ils + §sC;) o 0 (t —s), is rediscovered in the high temperature limit,
hB < 1, coth (B/2hv) ~ 1 and for a strictly Ohmic spectral density, 7 (v) = 2M~yv. Due to the
complicated correlation function of ¢; the solution of quantum Langevin dynamics is mathemat-
ically much more involved than the classical equivalent. Especially the derivation of fluctuation
theorems, or quite generally, formulations of the second law for open quantum systems far from
equilibrium obeying Langevin dynamics is still an unsolved problem. Nevertheless, let us fur-
ther illustrate the properties of the quantum Langevin equation (5.13) for two simple cases before
we continue with thermodynamics in the next section.

5.1.2 Free particle

The Langevin equation simplifies for the special case of a free particle, V(x) = 0. Moreover, we
assume the spectral density, 7 (v), to be Ohmic, J (v) = 2M~yv, and, thus, we have,

Mxt+M'yxt = Ct (5142:1)
% (€8s +CsCt) = MTW /dvv coth <§ hv) cos (v (t—s)). (5.14b)

Note that the correlation function (5.14b) still represents memory effects. Only in the classical
limit, i < 1, the noise correlation (5.14b) reduces to a J-function, and, thus, white Gaussian
noise. However, the latter differential equation (5.14a) can be solved in the Laplace space. The
Laplace transform of an arbitrary operator O; is defined as,

+o0
O, = / dt exp (—¢t) O;. (5.15)
0

Then the solution X, of Eq. (5.14b) reads in the Laplace space with initial position, x¢, and initial
velocity, vy,
o & + Myxo + Mxog + Moy
o Mgc? + Mg '
The time-dependent position operator, x;, which solves the quantum Langevin equation (5.14a),
is given by the inverse Laplace transform of x.. To this end, we introduce an auxiliary Green’s
function, G (¢) = 1/(Mg¢? + Mrg), whose inverse Laplace transform, G(t), reads [BM90b],

(5.16)

G(t) = MLIY (1—exp(=7t)) . (5.17)

Hence, a solution of the quantum Langevin equation for a free Brownian particle (5.14) can be
written as,

t
Xt = xo—i—% (1—exp(—7t)) —|—/ds G(t—s)¢s. (5.18)
0
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5.1 Quantum Langevin equation

As in the classical case (cf. subsection 2.2.1), special interest lies on the mean square displace-
ment and the two-time correlation function of position. The remaining subsection is dedicated
to the derivation of closed expressions for the latter two quantities. For the sake of simplicity,
we assume the initial velocity to be zero, vg = 0. We can, then, rewrite the solution x; as,

xt—xo+/dsG (t—s) /dsG )&, (5.19)

where the last term in the latter equation can be identified with the initial position, xg. With the
reformulation of the solution, x¢, in Eq. (5.19), the integrals appearing in the two-time correlation
function, ; (xtxs + x5xt) , can be evaluated,

t %
1
> (v +xx) = 5 [ ds [d5 Gt = )G — &) (8o +Eet) (520)
0 0
After a few lines of calculation we obtain,
1 th (B/2h
5 (xpxs5 + XsXt) M / €0 (72 —1/—1/2;/) (cos (v(t —t')) —cos (vt) —cos (vt') + 1), (5.21)

and for the mean square displacement by taking t = s,

2hy T . coth (B/2hv)
AN

<xt> = m J dv W (1 — COS (Vt)) . (522)
Note that the angular brackets (...) denote an ensemble average over the fluctuations of the
quantum heat bath. The latter expressions (5.21) and (5.22) are still given in terms of spectral
integrals. However, in the classical limit, 1 < 1, the integral in Eq. (5.22) can be evaluated and
the mean square displacement can be written in closed form,

(22) = 4y 1/1—cos(1/t) _ 2
VM ) IR ) T My

t+ % (exp(—=vyt)—1)|, (5.23)

which coincides with the usual, classical mean square displacement of a free Brownian particle
[Ris89]. On the other hand, in the zero temperature limit, 2 > 1, we obtain,

2hy T . 1—cos (vt)

2\ 20T il S

() = ™) dv v(y2+v?)
2h

= M [c+In(t7y) —cosh (t)chi(ty) + sinh () shi(ty)] ,

(5.24)

where ¢ = 0.577... is the Euler constant. Moreover, chi(.) and shi(.) denote the cosine and sine
integral functions, respectively [AS72]. The latter result is mere quantum peculiarity. Even in
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5 Thermodynamics of open quantum systems

the zero temperature limit, where thermal fluctuations vanish, the mean square displacement
is finite. In other words, even in the zero temperature limit the quantum particle maintains a
non-vanishing, statistical width, and, hence, Eq. (5.24) can be understood as an expression of
the Heisenberg uncertainty relation for position and momentum. A detailed analysis of the long
time behavior of Eq. (5.24) can also be found in [SI87] and an approximate discussion in [FO01].

5.1.3 Harmonic potential

In the latter subsection we analyzed the quantum Langevin dynamics of a free, Brownian par-
ticle. For arbitrary potentials the solution of the quantum Langevin equation (5.13) cannot be
written in closed form. However, for the harmonic oscillator the integration becomes feasible.
Thus, we consider in the present subsection a quantum Brownian particle in a harmonic trap,
V(x) = M/2w?x?, and, as before, an Ohmic spectral density, 7 (v) = 2M+~v. Thus, the Langevin
equation (5.13) takes the form,

Mi; + My % + Mw?*x = & (5.25a)
% (CiGs +CsCt) = MT,YFI /dvv coth <§ hv) cos (v (t—s)). (5.25b)

As before, the quantum Langevin equation (5.25a) can be solved in the Laplace space and a
solution is given by,

- Eg + Mxog + Moy + Myxo
¢ Mg+ Myg+ Mw?

where again x( and vy are initial position and Veloc1ty of the Brownian particle, respectively. The
Green’s function, G(¢) = 1/ (Mc2 + Mvyc + Mw?), takes the form,

2 exp (—7t/2) sinh <t/2 VY — 4w2)
My~ 47 '

Analogously to Eq. (5.19), we can rewrite the solution, x;, of Eq. (5.25a) with zero initial velocity,
vo = 0, in terms of the Green’s function, G(t), as,

(5.26)

G(t) = (5.27)

t
X = / ds G(t—5) & (5.28)

Then the two-time correlation function results in,

NI —

- xtxs+xsxt =

3 [ ds [ a5 Gt =G — &) (@it + &)
0 0

i th (8/2 , |
- —Zr\Y/I / o ﬁ/_|_ ,;2,2 (cos (v(t —1t')) — cos (vt) —cos (vt') +1) ,
0

(5.29)
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5.2 Thermodynamics in the weak coupling limit

and the mean square displacement reads,

22) 2?17 v coth ( ,8/2 hv)
/d R (1 —cos(vt)) . (5.30)

In contrast to the free particle (x7) remains even in the classical as well as in the zero temperature
limit a non-trivial integral. Hence, one might conclude that the dynamics of open quantum
systems are mathematically more involved than in the classical case.

In particular for driven systems it is not feasible to formulate a simple description univer-
sally valid for arbitrary potentials. In general, neither in terms of Langevin equations nor with
the help of quantum master equations (cf. section 5.3) dynamical properties of open, time-
dependent quantum systems are completely analytically analyzable.

5.2 Thermodynamics in the weak coupling limit
Since we saw in the last section that the dynamics of open quantum systems might become
mathematically difficult, the present section is dedicated to a purely thermodynamic analysis

of open quantum systems. Let us start by considering a quantum system of interest, which is
weakly coupled to a thermal environment. The Hamiltonian of the total system, H, can, then, be
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Figure 5.1: Defined quantum system and thermal surroundings

71



5 Thermodynamics of open quantum systems

separated into system, Hg, bath, Hg, and an interaction term, k., (cf. Eq. (4.8)),
H=H @1° +1°2 H® + 1, (5.31)

In Fig. 5.1 we illustrate the physical situation of a subsystem of interest separated from its
thermal surroundings. We allow the Hamiltonian of the system of interest, Hts, to be time-
dependent. Hence, work is performed on the system as the Hamiltonian varies with an external
work parameter. Moreover, for the sake of simplicity, we assume in the present section the in-
teraction Hamiltonian, (h,), to be small compared to the mean energy of the system, (H}), for
all times. Therefore, the Hilbert subspaces of the system and the bath factorize and effects of the
interaction can be treated by means of perturbation theory [BP07]. In the following, however,
we propose a completely thermodynamic treatment. To this end, we derive a closed expression
for the entropy generated during a process starting in an arbitrary initial state. Furthermore, we
will show that this entropy production fulfills a Jarzynski type fluctuation theorem. It is worth
emphasizing that the present treatment is independent of caveats arising from Lindblad master
equations or quantum trajectories [EMO06]. A brief introduction to quantum master equations
will be provided in the next section.

5.2.1 Quantum entropy production

Let us begin by considering the first law of thermodynamics in its reduced formulation for the
system,

AUS = <Q5> n <w5> ) (5.32)

where AU® denotes the change in the internal energy, <Ws> is the work performed during a pro-
cess acting on the system of interest, and (Q°) the heat exchanged with the environment. With
the balance equation (cf. Eq. (2.3)) representing the second law we conclude for the irreversible
entropy production,

ASi = AS® — BAES + B (W) . (5.33)

In the following we consider processes starting at time ¢t = 0 and ending at t = 7. Hence,
we denote the change in internal energy by, AES = E2 — Ej, and the change in entropy by,
ASS = S? — Sg. The change in thermodynamic entropy, AS, can be identified with the change in
the von Neumann entropy,

S5 = —tr {ps In ps} , (5.34)

if the initial and final state are close enough to an equilibrium state. As before, we denote by p°
the reduced density operator of the system of interest only. Otherwise, however, the system is al-
lowed to visit nonequilibrium states arbitrarily far from thermal equilibrium. The latter is consis-
tent with processes described by means of conventional thermodynamics, where processes are
completely determined by their initial and final equilibrium states. Now, by further introducing
the instantaneous equilibrium density operator for the reduced system, pf’ “I=exp (BHY)/Z?,
in terms of the time-dependent Hamiltonian, H S the internal energy, U; = <Hts>, is written as,

BUS = —tr {pf In pf'eq} —InZ$. (5.35)
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5.2 Thermodynamics in the weak coupling limit

Moreover, we used in the latter Eq. (5.35) the definition of the reduced partition function, Zl‘S =
tr {exp (B H?) }. Finally, regarding the last term on the right hand side of Eq. (5.33), the work is
identified with the change of the Hamiltonian with time,

B <WS> - ﬁ]dttr{ptsatHf’} - —/Tdttr{pf’atlnpf’eq} ~InZS+1InZ§, (5.36)
0 0

which we again expressed in terms of the corresponding equilibrium density operator, pf’ “lIn
the latter Eq. (5.36) we used the conventional identification [Ali02],

dU =d(H) =tr{(dp) H} + tr{p (dH)} = (6Q) + (6W) . (5.37)

Now, we conclude by combining Egs. (5.34)-(5.36) to Eq. (5.33) our main result for the irreversible
entropy production,

ASi =S (ngpg’eq) By (piupieq> - /T dt tr {pf 3 In pf'eq} , (5.38)
0

where we again introduced the relative entropy S(.||.) (cf. appendix A.1). Equation (5.38) indi-
cates three contributions to the irreversible entropy production, AS;;. The first term measures the

distinguishability between the initial density operator, p3, and its equilibrium counter part, pg’ “,

In the following we will see that S(p3| ]pg’ “1) is the entropy produced during a relaxation process
from the initial nonequilibrium state, o§, to equilibrium. The second term measures analogously
the remaining entropy production due to the system not relaxing from the final nonequilibrium
state, 3, to equilibrium. It has to be subtracted since, generally, systems undergoing arbitrary
processes do not end in an equilibrium state. The last term, finally, is the contribution of the
irreversible work, <Wlsr> = <WS> — AFS. We denote by <WS> the average total work performed
during time T and AF® is the according free energy difference. In Fig. 5.2 we illustrate the dy-
namics of the quantum system in a phase space sketch. The upper (blue) line represents a path
in phase space where the system is always in a nonequilibrium state. The lower (red) line is
the equilibrium analog. The dashed lines connecting the initial and final states, respectively,
are the distances between equilibrium and nonequilibrium quantified by the according relative
entropies.

Instantaneous rate

The upper result in Eq. (5.38) is obtained by merely use of thermodynamic arguments, only.
It can be alternatively derived, by identifying the instantaneous rate first. For the quantum
equivalent of the classical balance equation (2.24)

S5 =BQ° +o, (5.39)

Spohn derived for time-independent Hamiltonians [Spo78] the instantaneous rate, ¢;, which
was generalized by Breuer [Bre03] for time-dependent systems. The result reads (cf. subsection

5.3.1),
0 = —tr { (atpts) 1np§} + tr{(atpts) 1npf"eq} . (5.40)
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nonequilibrium

initial

equilibrium

Figure 5.2: Phase space sketch illustrating the dynamics of the system; equilibrium (lower, red)
and nonequilibrium (upper, blue) path.

However, the derivation of the preceding expression in Eq. (5.40) is based on the validity of
Lindblad master equations, which we will discuss in the next section. Moreover, the rate of
entropy production, 0, can be rewritten in terms of the relative entropy,

0; = —0;S <pf||p§’eq> —tr {p? 0; lnpf’eq} : (5.41)

By integrating the rate, o3, over the process time interval form 0 to 7, AS;, = fOT dt oy, we redis-
cover the above proposed expression for the irreversible entropy production, AS;; in Eq. (5.38).
Independently of our upper analysis, the latter relation has earlier been realized by Lindblad
[Lin83]. It is worth emphasizing once again that the validity of the identification of ¢} is given
by the applicability of a Lindblad master equation. The upper derivation in the present subsec-
tion 5.2.1 is less restrictive, since it is merely based on thermodynamic arguments.

5.2.2 Particular processes

We, now, turn to the discussion of particular quantum processes, in order to clarify the physical
meaning of the contributions to AS;;. Let us start with a time-independent Hamiltonian and,
thus, pts’ = pS’eq. The latter implies that no work is performed. In a first step we shall be

interested in a complete relaxation process, i.e the system starts in an arbitrary nonequilibrium

state, pf, and reaches after time 7 its equilibrium state, p3 = pg’ 1. Hence, the general entropy
production (5.38) reduces to,

ASi = S (pS1loy ) - (5.42)
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5.2 Thermodynamics in the weak coupling limit

The latter is identical to the expression derived by Schlogl almost fifty years ago, which was,
however, published in a German paper [Sch66, Sch89]. As mentioned earlier, irreversible en-

tropy production is due to the distinguishability between the equilibrium and nonequilibrium

density operator measured by the relative entropy, S (p%] | pS’ eq) . If we consider a partial relax-

ation process, i.e. the system starts in a nonequilibrium state, pg, but does not reach equilibrium
in time T, the entropy production reads,

88 =S (o311 1) = S (o21107°) - (5.43)

The latter indicates the additive character of the entropy. The irreversible entropy production in
a partial relaxation process is given by the contribution of a relaxation from the real final state to
equilibrium subtracted from the contribution of the complete relaxation.

Next let us consider time-dependent systems. In conventional thermodynamics one usually

considers processes where the system starts, pj = pg” 1, and ends, oS = pi’ I, in equilibrium.
In general, the initial and final equilibrium states are not identical. Nevertheless the irreversible
entropy production reduces to,

T
ASy = — / dttr {pf oy In g} *} (5.44)
0

which is nothing else than the irreversible part of the work, AS;, = <W§> Hence, we conclude
that the expression of the entropy production in Eq. (5.38) is the general expression including all
possible thermodynamic processes operating on a quantum system weakly coupled to a thermal
environment.

From the latter analysis of the entropy production for open quantum system far from equi-
librium we conclude that the thermodynamic properties are described in terms of relative en-
tropies. Hence, for nonequilibrium processes the relative entropy between the instantaneous
state and a corresponding equilibrium state is the crucial quantity. The thermodynamic infor-
mation is, therefore, contained in the relative entropy rather than in the von Neumann entropy
of the nonequilibrium state.

Unitary dynamics

Finally, we have to prove that Eq. (5.38) is consistent with the expression derived for isolated
quantum systems (4.27) starting in an equilibrium state. For unitary dynamics, where the von
Neumann entropy is constant, S? = S5, the entropy production, ASy, (5.38) can be further eval-

uated to read,
T T
ASy = — / dttr{pf ) 1np§'eq} - / dtd;S (p?pr’eq) _s <p§yyp§'eq) . (5.45)
0 0

The latter is identical to the above result in Eq. (4.27), and, thus, the earlier identification of the
entropy production as the irreversible part of the work is confirmed.

75



5 Thermodynamics of open quantum systems

5.2.3 Jarzynski type fluctuation theorem

In the remaining part of the section we turn to a formulation of the second law. As usual, we
like to have a Jarzynski type fluctuation theorem being valid arbitrarily far from equilibrium.
To this end, we will, now, identify the entropy production for a single realization of the process
and, then, construct the corresponding probability distribution.

Fluctuating entropy

So far we considered the irreversible entropy production in the framework of thermodynamics.
Our above obtained result (5.38) is the mean entropy production averaged over all possible
realizations of a particular process, AS;y = (X). By £ we denote the entropy production for
a single realization, which is, hence, a fluctuation quantity. By definition (X) is the sum of
the change in entropy and the heat transferred to the environment. By making explicit use of
the separability of the Hilbert subspaces in the weak coupling limit [BZ06, BP07], the entropy
production can be written as,

(@) = —tr{ (o @ p®) Ul (InpS @1°) U} +tr { (0§ 2p%) (Inp§ ©1°) } — Q% (5.46)

Generally, the last term in Eq. (5.46) is more complicated due to contributions of the change in
internal energy and work performed. However, by neglecting contributions of the interaction
energy, h1,, the heat transferred from the system S equals minus the heat absorbed by the bath B,
QS ~ —QP (cf. subsection 4.1.2). Since no work is performed on the bath the change in internal
energy of the bath is identical to the heat exchanged with the system of interest, AEB = QB.
Thus, the last term in Eq. (5.46) can be written as an average over the same density operator

5 ® p°,
QB = tr { (pg ® pB) u? (115 ® HB> uT} —tr { (pg ® pB> (115 ® HB)} . (5.47)

The latter Egs. (5.46) and (5.47) clarify that the entropy production, (X), is a quantity averaged
over the initial state, p; ® p?, and quantum transitions induced by the time-dependent contri-
butions. Analogous expressions are obtained for the work distribution in isolated systems (4.1)
and the heat exchange between two subsystems (4.12).

Probability distribution

Hence, we postulate the probability distribution of X to read,

P(Z) = %pl<t\UI\¢><¢\ur\t> S(Z—Ziy) - (5.48)

The latter equation generalizes Eq. (4.1) to open systems. Furthermore, we introduced the
eigenbasis of the initial density operator, pg = p5 @ p® = ¥, p.|t) (1], and of the final one,
pr = Uz (5@ pP) Ul = Yy Pgl@)(¢|. Here, we make again explicit use of the weak coupling
limit in the sense that we assume the initial and final basis sets as disjoint unions of the sub-
spaces Sand B, |1) € {|5)}U{|®)} and |¢) € {|$°)}U{|$B)}. The remaining task is to identify
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5.2 Thermodynamics in the weak coupling limit

the realization dependent entropy production %, .. To this end, we rewrite Eq. (5.46) with (5.47)
by inserting the basis sets {|¢) } and {|¢)} to yield,

() ==Y pInpy (UL @) (P|U|) + Y piInp, (1| UL ) (| Ux]|1)
5,45 15,45

+ ) pBEGUIUTION@IUN) — ) pu BEP GIUT|p) (@I -

[B'(PB [B'(PB

(5.49)

In Eq. (5.49) we introduced the initial and final energy eigenvalues of the bath, BEE and BED,
respectively. They can be introduced here, since the bath stays in its thermal equilibrium state,
pP o exp (—BHP), at all times. As usual, U denotes the unitary time evolution operator of the
total system. Finally, the mean entropy production can be written as,

() =Y p(|Ul|p) (P|Urlr) (5,,,5 Inp, = 84 5 I py + 6, 45 BEG — 5[,le515}3) , (5.50)
Lo

where we used the Kronecker-delta 6, ,. Further, by comparing the mean of the probability den-
sity in Eq. (5.48), [ dZ X P (X), with the average (X) (5.49) we identify the microscopic entropy
production for a transition from state |¢) to a state |¢) to read,

Z[—»(p - (Sl,ls ln p[ - 5(P/(PS ln qu + (5¢/¢B‘BE(1; - 5[,IBIBEIB . (551)

The realization dependent entropy production, ¥, .4 in Eq. (5.51), is the quantum mechani-
cal generalization of the trajectory dependent entropy production introduced in the context of
stochastic thermodynamics [Sei05]. It includes explicitly contributions of the entropy change in
the system of interest and the heat flow to the environment. It is worth emphasizing that ¥, .4 in
Eq. (5.51) has been derived by merely making use of the thermodynamically evaluated entropy
production, AS;; in Eq. (5.38). At no point the use of a master equation or a quantum trajectory
has been necessary in contrast to [EMO6].

Fluctuation theorem

In the remaining paragraph we will show that the above defined entropy production (5.51) in-
deed fulfills an integrated fluctuation theorem in its common form,

(exp (X)) =1. (5.52)

To this end, we evaluate (exp (—X)) with the probability distribution (5.48) and the microscopic
entropy production (5.51). Hence, we have

(exp (—2)) = X p(tlU39) (@lUclt) exp (=051 py+ 8, g5 py ) exp (8, oBER +6,5BEF ),
L
(5.53)
which can be split with respect to the subspaces by evaluating the Kronecker-deltas to yield,
(exp (=X)) = ), pu(t|Uz|§)(@|Uz]t) exp (= Inp, +1Inpy)

15,475

+ ¥ plulU ) (@lUcl) exp (—BES + BEP ) -

[B'(PB

(5.54)
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5 Thermodynamics of open quantum systems

Since the bath B remains in thermal equilibrium at its initial, p;s o exp (—BEP), as well as at its

final state, Pgp < €Xp <— [BEE), we simplify Eq. (5.54) to read,

(exp(=2)) = | L+ ¥ | po(ulUT[@) (plUc) = tr{p} =1, (5.55)

lS’¢S IB’¢B

which concludes the proof of Eq. (5.52). In Eq. (5.55) we, moreover, used the normalization
of the probability distributions. Consequently, we derived the quantum generalization of an
integrated fluctuation theorem for systems initially in arbitrary nonequilibrium states. To this
end, we explicitly made use of the separability of the Hilbert subspaces as given by the weak
coupling limit. The latter fluctuation theorem (5.52) is a quantum version of the classical general
theorems derived by Seifert in [Sei08].

It is worth emphasizing once again that the above derivations are completely based on ther-
modynamic arguments. Hence, the fluctuation theorem (5.52) is valid for all kinds of processes
starting and ending close to an equilibrium state. Nevertheless, the quantum system may evolve
arbitrarily far from equilibrium at intermediate instants. This is in complete agreement with
thermodynamics, where processes are fully characterized by their initial and final equilibrium
state. Therefore, our approach does not rely on the formulation of master equations for driven
quantum systems as it was done in earlier considerations [EM06].

5.3 Statistical physics of open quantum systems

In the beginning of the present chapter, we introduced the quantum Langevin equation. The
latter turned out to be a non-trivial stochastic, operator equation with colored noise. In the last
section, we derived a closed expression for the entropy production and proved a Jarzynski type
fluctuation theorem. In the classical case (cf. chapter 2) we saw that an equivalent description
of Langevin dynamics becomes possible in terms of probability distributions for the microstate.
Starting from the Fokker-Planck description we were able to derive the fluctuation theorems, as
well. Thus, it would be desirable to obtain a quantum analog of that approach. However, we will
see in the present section that the quantum equivalent of Fokker-Planck dynamics is physically
as well as mathematically involved. In particular the definition of work and heat is still an
unsolved problem. However, in the next chapter we will be able to derive the quantum entropy
production and a fluctuation theorem in the strong coupling regime. In order to deepen the
insight into open quantum dynamics, the present section briefly analyzes quantum equivalents
of the classical Klein-Kramers equation for various couplings between the system of interest and
the environment. In quantum mechanics probability distributions translate to density operators.
Hence, we shall be interested in the evolution equation of the reduced density operator, ps =
trg {p}, the quantum master equation,

ihd; ¥ = [Hf, p§] +D (pf’) ) (5.56)

which is the von Neumann equation for the reduced system with an additional contribution
in terms of the superoperator, ®, which describes the interaction with the environment. The
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dissipative term in the quantum master equation (5.56) denoted by © is responsible for the
reduced dynamics not being unitary. Hence, we focus on expressions of © in the following
considerations. In the present section, we concentrate on the physical discussion and interpre-
tation of the resulting master equations, whereas we refer to the literature for their derivations
[BP07]. We start with the Markovian approximation in the weak coupling limit, before we turn
to more involved equations allowing for non-perturbational small interactions with the envi-
ronment. Moreover, we will restrict ourselves in the present discussion to time-independent
Hamiltonians since merely for the harmonic oscillator the actual form of © has been clarified for
time-dependent problems [ZH95].

5.3.1 Markovian approximation

In an earlier section 5.1 we derived and discussed the quantum Langevin equation. We saw that
in the general case a quantum mechanical heat bath is characterized by colored noise. Colored
noise, however, is an expression of memory effects, and, thus, processes described by quantum
Langevin dynamics are non-Markovian. Markov processes, on the other hand, are mathemati-
cally well-understood. Therefore, the question arises, whether under certain circumstances the
dynamics of an open quantum system can be approximated by a Markov process. An answer
was given by Lindblad [Lin74, Lin75, Lin76], who proposed the Lindblad master equation,

, 1 1
ndipt = [15, 6] + Do (e Al -3 Al - 3ot alA) . 6
k

where the Ay are called the Lindblad operators. The latter master equation (5.57) can be derived
from microscopic principles [BP07] and we concentrate, here, on the properties and conditions
of validity.

Properties of Lindblad dynamics
Let us summarize the most important properties of the dynamics generated by Eq. (5.57):
¢ The linear map, F, which is given in terms of the Lindblad operators, Ay,
di o} = Fo, (5.58)

is the generator of the quantum dynamical semigroup [Ali02]. Furthermore, the semi-
group property of a formal solution, S(t) = exp (Ft), of Eq. (5.58) is the generalization of
a Markov condition to open quantum dynamics,

S(t)S(ta) = S(ty+1t) Vi, ta>0. (5.59)

¢ The Lindblad master equation (5.57) is the most general, time-homogeneous equation de-
scribing the evolution of the reduced density operator, p?, which is trace preserving and
completely positive for any initial condition.
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5 Thermodynamics of open quantum systems

¢ The non-negative quantities -, have the dimension of an inverse time provided the Ay
are taken to be dimensionless. It can be shown [BP07] that the 7, are given in terms of
correlation functions of the thermal environment and play the role of relaxation rates for
different decay modes of the open system.

e The stationary solution of Eq. (5.57) is a Boltzmann-Gibbs equilibrium distribution, 3, &
exp (—BH®), which is encoded in the construction of the Lindblad operators, Ay,

[HS, Ay A,t] - [HS, Af Ak] —0 Vk. (5.60)

¢ The form of Eq. (5.57) is not unique, since the set of Lindblad operators is closed under
unitary transformations.

Physical applicability of the model

Sometimes the Lindblad master equation (5.57) is supposed to be unphysical, since it completely
ignores the quantum nature of the heat bath. A quantum heat bath is characterized by its quan-
tum memory (cf. Eq. (5.13)), i.e. non-Markovian dynamics. However, in e.g. quantum optics,
where the systems of interest are fairly decoupled from the surroundings, the Lindblad equa-
tion becomes physically applicable. In an earlier discussion (cf. section 4.5) we considered a
cold ion trap. These ion traps are only locally cooled down to their motional ground state. That
means that merely the ion reaches very low temperatures, whereas the surroundings remain un-
affected. Hence, the dynamics of an open ion trap can be understood as an ultra-cold quantum
system coupled to a classical environment. This situation is perfectly described by the Lindblad
master equation (5.57).

Entropy production

As noted earlier Spohn derived the rate of entropy production for Lindblad dynamics [Spo78].
Starting again with the balance equation,

o =5—p(Q), (5.61)

and further identifying, S = —tr {D(p}) Inpy }, and, (Q) = tr {D(p;)H®}, we obtain for the rate
of entropy production, o3,

oy = —tr{sa(pf)lnpts} — Btr {@(pf) HS} . (5.62)

Note that 0} is governed by the dissipative superoperator ©, since the unitary part of the time
evolution can be absorbed by the cyclic invariance of the trace. From a physical point of view,
the rate of entropy production, o}, is completely determined by the interaction of the system of
interest and its surroundings. The irreversible entropy is the part of the total entropy increase,
which flows into the heat bath, and, thus, cannot be re-obtained by the system [dGM84]. For
isolated systems, and, hence, unitary dynamics, the irreversible entropy is the entropy, which
would flow to the environment, if the system was coupled to a heat bath. So far the expression
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for the rate of entropy production in Eq. (5.62) is completely general. For Lindblad dynamics,
where the stationary state is given by thermal equilibrium state, we can write,

o = —diS (o5lleS, ) (5.63)

where we again used the relative entropy, S(.||.). The latter expression (5.63) for o} is consistent
with our earlier thermodynamic discussion (cf. Eq. (5.41)) for time-dependent systems. More-
over, Spohn proved in [Spo78] that o} in Eq. (5.63) is positive for all times.

5.3.2 Quantum Brownian motion

In the preceding subsection we presented the Lindblad master equation, which arises in the
so called quantum optical limit. The physical conditions underlying the approximations are
that the systematic evolution of the reduced system is fast compared with a typical relaxation
time. However, in various physical situations involving strong system-environment coupling
and low temperatures this condition is violated. In contrast to quantum optics it may even hap-
pen that the dynamics of the system of interest is slow compared to the correlation times of
the environment. Under such circumstances the Lindblad master equation (5.57) is not applica-
ble and another scheme of approximation becomes necessary. In the present subsection we are
concerned with the Caldeira-Leggett master equation [CL83], whose derivation starts with the
microscopic model (5.1). As we saw earlier, one of the crucial quantities in quantum Brownian
motions is the spectral density, J (v).Ina phenomenological modelling one often deals with an
Ohmic damping, J (v) = 2M~yv. However, the high frequency modes of the environment lead
to a renormalization of the physical parameters in the particle potential [BP07]. To account for
this renormalization one introduces a high-frequency cutoff, (3. An Ohmic spectral density with
e.g. a Lorentz-Drude cutoff reads,

2

(5.64)

We can, now, determine the typical time scales in terms of the high-frequency cutoff, ().

Correlation time approximations

It is easy to see that with an Ohmic spectral density with cutoff () the largest correlation time,

T8, is given by [BP07],
1 np
Tg = max {5, E} . (5.65)
Similarly, to a possible microscopic derivation of the Lindblad master equation (5.57) one as-

sumes the coupling to be weak,

2
hey < max {m FN} ) (5.66)

for which a Born-Markov approximation becomes possible. The latter condition (5.66) corre-
sponds to T8 < Tr, where 1R is the typical relaxation time, with 7 = 1/v. However, for the
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applicability of the Lindblad master equation one also assumes that a typical time scale of the
reduced system, Tg, is short compared to the typical relaxation time, 7. By contrast, we are,
here, interested in the case where the evolution of the reduced system is slow in comparison to
the bath correlation time. With a typical frequency of the system, wy = 1/1s, the latter condition
becomes,
. 27

hwp < min {hQ, F} . (5.67)
The main difference between Lindblad dynamics and the present model can be summarized
as: for the validity of Eq. (5.57) a typical time scale of the system has to be much less than the
relaxation time, s < TR. For the present model, which is taking account of quantum effects of
the bath, we assume that a typical correlation of the bath is much shorter than the time scales of
the reduced system, 3 < Ts.

Caldeira-Leggett master equation

With the latter conditions (5.66) and (5.67) a master equation of the general form (5.56) can be
deduced. After a lengthy derivation [CL83, BP07] one obtains,

ot = [ ] o [x (o} = 25 e [o ] 669
where {., .} is the anti-commutator. As usual the first term on the right hand side of the mas-
ter equation describes the free, unitary evolution of the system of interest. The second term,
which is proportional to the damping coefficient <y, is a dissipative term. Finally, the last term
describes thermal fluctuations and it can be shown that it is of fundamental importance for deco-
herence. Furthermore, the classical limit of the master equation (5.68) in position representation
reduces to the above discussed Klein-Kramers equation (2.23). It is worth mentioning, however,
that in the general case the stationary solution of Eq. (5.68) is not given by a Boltzmann-Gibbs
distribution, of which one easily convinces oneself by substituting p o« exp (— ﬁHS) in Eq. (5.68).

Entropy production

Coming back to thermodynamics, let us evaluate the rate of entropy production (5.62) for the
Caldeira-Leggett master equation (5.68). With the help of the commutator expressions,

[x, Hs} - %p (5.69a)
[xz, HS} = %{p, x} (5.69D)

we obtain after a few lines of calculation,

o = tr { <[lnpts, x} + % P) (% {p, p?} + 2;\:;/ {x, p?]) } . (5.70)

The latter result in Eq. (5.70) is the quantum generalization of the classical rate of entropy pro-
duction (2.31) under the conditions (5.66) and (5.67). Further evaluation of o} is only feasible for
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particular systems, since the rate of entropy production (5.70) is governed by the eigenstates of
the reduced density operator, 5.

5.3.3 Hu-Paz-Zhang master equation

The upper master equations (5.57) and (5.68) are approximate results, which are applicable un-
der certain conditions and physical circumstances. As we saw for the quantum Langevin equa-
tion (5.13) the general case is mathematically involved. However, for the harmonic oscillator (cf.
subsection 5.1.3) the situation simplifies a lot. Hu, Paz, and Zhang [PZ92] proposed the exact
master equation for a harmonic oscillator coupled to a bath of harmonic oscillators, which reads,

indi g} = [, 0] + 1[5, {p o2 }] =ML [ [x, 2]

' . 1 aT oy s (5.71)
—il; fy {x, [p, ptH - EM(Swt [x , pt} .
The time-dependent coefficients I3, i, f; and dw; are non-trivial functions of the spectral density,
J (v), and the coupling to the environment. The first term of the right hand side of the Hu-Paz-
Zhang master equation (5.71) is the dissipative term with a time-dependent dissipative constant
I;. The third and fourth terms are the diffusive terms with time-dependent coefficients I} h; and
I; fi, respectively. The last term, finally, depicts a time-dependent frequency shift sw?. The ex-
plicit time dependence of these coefficients is rather complicated, however, given a particular
form of the spectral density, J(v), and the initial state of the environment, they can be calcu-
lated. The master equation (5.71) describes the non-Markovian behavior of a quantum Brownian
particle in a harmonic potential. Finally, for a strictly Ohmic spectral density and high temper-
atures, 1p < 1/0), with the high frequency cutoff, (), the Caldeira-Leggett master equation
(5.68) is recovered. It is worth noting that the Hu-Paz-Zhang master equation was generalized
to harmonic oscillators with time-dependent angular frequency by Zerbe and Hanggi [ZH95].

5.4 Summary

The present chapter was dedicated to a thermodynamic description of open quantum systems.
We started by introducing the Caldeira-Leggett model, which led to the derivation of the quan-
tum Langevin equation. The quantum Langevin equation is a stochastic operator equation with
colored, Gaussian, quantum noise. Hence, the classical derivations of generalizations of the sec-
ond law are not completely transferable to open quantum dynamics. Therefore, we turned to a
thermodynamics approach to systems in the weak coupling limit. For such situations we derived
a closed expression of the total entropy production during a processes operating arbitrarily far
from equilibrium. We found that the crucial thermodynamic quantity for open, nonequilibrium
quantum systems is the relative entropy between the instantaneous state and a corresponding
equilibrium one. Apparently, the relative entropy contains the thermodynamic information in
contrast to the instantaneous von Neumann entropy during an arbitrary process. Furthermore,
we were able to derive a Jarzynski type fluctuation theorem for the entropy production. Our
derivation is independent of Lindblad dynamics or hypothetic quantum trajectories. It is solely
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based on thermodynamic arguments and in analogy to the treatment of isolated quantum sys-
tems. Finally, we briefly introduced the quantum master equations. A quantum master equation
is the quantum analog of the classical Fokker-Planck description of Brownian motion. However,
the resulting equations turned out to be either mathematically involved or only applicable un-
der a restrictive set of conditions. Hence, a thermodynamic analysis of open quantum systems
starting with a general master equation for the reduced dynamics is still an unsolved problem.
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6 Strong coupling limit - a semiclassical
approach

In the previous chapter we introduced mathematical descriptions of the dynamic properties
of open quantum systems. We found that quantum Brownian motion is much more involved
than its classical analog. The quantum Langevin equation is a stochastic operator equation with
colored noise, and the quantum master equations are only applicable in the weak friction regime.
Hence, derived generalizations of the second law, and, particularly, closed expressions for the
entropy production are merely valid for weak enough coupling of the system to its thermal
surroundings. To deepen the insight in thermodynamics of open quantum systems we, now,
turn to the opposite simplifying limit. The present chapter is dedicated to the strong friction
regime. First, we will briefly introduce the quantum Smoluchowski equation [PG01, TMO07,
Tu04, DL09], before we, second, derive a detailed as well as an integral fluctuation theorem.
A notable advantage of the following description is that the usual classical definitions of work
and heat are valid in contrast to the full quantum regime [LHO07]. Finally, we will propose a
Josephson junction experiment that would allow to test our predictions.

6.1 Quantum Smoluchowski dynamics

Let us start by briefly reviewing the main properties of the approximations in the high friction
regime. First, we will present the path integral formalism for the reduced system dynamics.
Then, we discuss various approximations and their range of validity, before we, finally, intro-
duce the quantum Smoluchowski equation. We will see that the description by means of the
quantum Smoluchowski equation is a semiclassical approach, where quantum effects manifest
themselves as additional quantum fluctuations. The meaning of these quantum fluctuations will
be elucidated with the analytic expression for the escape rate from metastable wells. The present
discussion follows roughly [JAP05], where we will correct several results (cf. also [AGO8]).

6.1.1 Reduced dynamics in path integral formulation

As before we consider a total quantum system, which can be separated into a system of interest,
HS, a thermal environment, HB, and an interaction term, h,,

H=H®@1° +152 H® + 1. 6.1)
The heat bath is mimicked by an ensemble of independent harmonic oscillators bilinearly cou-

pled to the system (cf. Caldeira-Leggett model in Eq. (5.1)). By properly eliminating the bath
degrees of freedom one obtains the dissipative dynamics of the reduced system. In contrast to
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6 Strong coupling limit - a semiclassical approach

the above discussion (cf. chapter 5) the interaction term, h,, is not perturbatively small, but
rather governs the dynamics of the reduced system. The quantum dynamics of the reduced
system follows from,

o7 = trg {exp (—iHt/h) po exp (iHt/h)}, (6.2)

where pg is the initial state of the total system. In the conventional Feynman-Vernon theory
[FV63] it is assumed that the initial state, pp, can be factorized. This is one of the assumptions
appearing in the last chapter 5 and can be interpreted as the system and bath being isolated
from each other at t = 0~. In the strong friction regime, however, the initial state has to be
correlated [SI88]. For the sake of simplicity, we assume the initial state to read in the initial
position representation with coordinates x;,

(xiloglxi) = (xilg|xf) A (xi,x7) (6.3)

where (q|p2|x’ ) = trg {(x|exp (—BH)|x")} and the multiplicative term A (x;, x}) is the position
representation of a preparation function. The reduced dynamics (6.1) with an initial state (6.3)
can, now, be described within the Feynman path integral formalism. Since the thermal environ-
ment is modeled as an ensemble of harmonic oscillators, it can be integrated and one obtains in
the final position representation with coordinates xy,

<xf’p?‘x}> = /d-xl/dx:] (Xf,X}, t/xi/xf) A(-xi/xl/') ’ (64)

where the propagating function J(.) is a threefold path integral over the the system degree of
freedom only. With the reduced partition function, Z5 = tr {exp (—BH)} /ZB, the integral ker-
nel, J(.), can be written as,

]<xf,x}, t,xi,xl’-) = %/D[x] /D[x’] /D[Y] exp (—%6 [x,x’,?]) . (6.5)

The two real time paths x(s) and x’(s) connect the initial points x; and x; with the fixed end
points x¢ and x}, respectively. On the contrary, X(g) is an imaginary time path, which runs
from x; to x} in the interval 1f. The contribution of each path is weighted with an effective
action, & [x,x/,x] = SS[x] — SS[x/] + is® [x] + i®[x,x’,X]. Hence, the effective action consists
of the actions of the reduced system in real and imaginary time and an additional interaction
contribution ®. The latter one is completely determined by the damping kernel I'(¢) (5.8). So far
no approximations have been applied and Eq. (6.5) is generally valid. Due to the mathematical
difficulties of further evaluation we turn, now, to the limit of strong coupling of the reduced
system to its environment.

6.1.2 Quantum strong friction regime

The classical Klein-Kramers equation reduces to the Smoluchowski equation if the time scales
of fast equilibration of momentum and slow equilibration of position separate (cf. subsection
2.2.2). Moreover, for dissipative quantum systems one expects that friction makes the system of
interest to behave more classically due to decoherence effects. In particular, the complicated path
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6.1 Quantum Smoluchowski dynamics

integral expression (6.5) should simplify considerably in the limit of strong damping. The latter
expectation can be shown rigorously to hold [PG01] and we continue with the main results and
the range of validity of the approximations. As in the discussion of the Caldeira-Leggett master
equation (5.68) we assume an Ohmic spectral density with Lorentz-Drude cutoff (cf. Eq. (5.64)),

2

(6.6)
Then, the strong damping limit can be expressed with a typical frequency wy of the reduced
system (e.g. its ground state frequency) as,

0% g 1 1
w_(’;>>%'5'? (6.7)
Note that the latter conditions (6.7) express the opposite limit as the separation of time scales in
Egs. (5.66) and (5.67). Here, the separation of time scales implying the classical Smoluchowski
equation (2.32) must additionally incorporate the time scale of quantum fluctuations, 7. The
idea is now, to evaluate for strong friction, v/wg > 1, the path integral expression (6.4) on a
coarse-grained time scale, s > i3, 1/(), 1/. In this approximation we observe:

¢ Nondiagonal elements of the reduced density matrix are strongly suppressed during the
time evolution.

* The real time part of the kernel I'(t) (5.8) becomes local on the coarse-grained time scale.

e Initial correlations described by Eq. (6.3) survive for times of order y/ w3 verifying that the
initial state can be assumed to factorize.

Applying the latter recipe to the path integral expression in Eq. (6.4) the quantum Smoluchowski
equation can be derived as the evolution equation of the diagonal elements (x (|07 |xy).

6.1.3 Quantum Smoluchowski equation

In the semiclassical picture introduced in the previous subsection, the quantum system follows
a classical trajectory and quantum effects manifest themselves through quantum fluctuations that
act in addition to the thermal fluctuations induced by the heat bath. Then, according to the latest
publications [DL09, MA10a, MA10b], the quantum Smoluchowski equation can be written as,

1 plit) = 10 V() + 505 D) i), (6.5)

where V'(x) is the derivative of the external potential with respect to position and p the inverse
temperature. The effective diffusion coefficient D, (x) is given by,

1

Pel¥) = T35y

(6.9)
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6 Strong coupling limit - a semiclassical approach

where we introduced the quantum parameter A. It measures the size of the quantum fluctuations
and can be evaluated explicitly for the spectral density (6.6) to read,

__h hp
A= T [ch\If<27T +1>} . (6.10)

Here, ¢ = 0.577... is the Euler constant and ¥ the digamma function [AS72]. It should be noted
that quantum corrections depend explicitly on the position of the system through the curvature
of the potential V"(x). When A = 0, Eq. (6.8) reduces to the classical Smoluchowski equation
(5.8) with constant diffusion coefficient. Moreover, in the high temperature limit, v/ < 1, the
quantum parameter can be expressed in leading order as A ~ h?B%/12M, which coincides with
the equilibrium quantum correction proposed earlier by Wigner [Wig32]. Of particular interest,
however, is the limit of strong damping, v > 1, where A ~ fi/ Mym In (yh/27). Thus, the
quantum Smoluchowski approach is beyond perturbation theory and for strong friction quan-
tum systems can be described over a wide range of temperatures, 1/p. Finally, one can conclude
that off-diagonal matrix elements, (x|o?|x’), are strongly suppressed by friction and of the order

O(1/+/7In (Q/7)) [JAPO5].

The stationary equilibrium solution of Eq. (6.8), with natural boundary conditions, is

ps(x) = % exp (—BV(x) + ARV (x)?/2) [1 - ABV" (x)] , (6.11)
where Z5 is again the partition function of the reduced system. It is worth emphasizing that the
above equilibrium expression is in general non-Gibbsian when A # 0, which is in accordance
with the above discussion. Once again we emphasize that the quantum Smoluchowski equation
(6.8) with the effective diffusion coefficient (6.9) is valid in the semiclassical range of parameters,
v/wi > (hB,1/7), hy > 1/B and |ABV"(x)| < 1, where wy is a characteristic frequency, i.e.
the curvature at a potential minimum of the system. In order to deepen our insight, we now
continue with an illustrative application of the quantum Smoluchowski equation (6.8), namely
the escape from a metastable well.

6.1.4 Quantum enhanced escape rates

The problem of escape from a metastable well is a prototypical example in physics, which can
be found e.g. in chemical reactions, diffusion in solids, or nuclear fission. Its particular feature is
the separation of time scales between local well motion and long time decay characterized by a
decay rate. The present subsection generalizes Kramers’ original derivation [Kra40] to yield the
semiclassical escape rate in the regime of the quantum Smoluchowski equation (6.8). In contrast
to earlier publications [Ank01] the following considerations take care of the correct form of the
quantum Smoluchowski equation (6.8) (see also [AG08]).

Let us start by considering a smooth potential, V(x), with a metastable state as illustrated in
Fig. 6.1. Moreover, we consider a semiclassical, Brownian particle to be initially trapped in the
well at point A = (x.4,y.4). Further, let the potential barrier, A = yg — y 4, be large compared
to the thermal energy, 1/ . We are interested in the rate for escapes from A to the next potential
well at point C = (x¢, y¢). Initially the particle is prepared in its equilibrium distribution (6.11)
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Figure 6.1: Exemplary smooth potential for typical escape problems.

in the well at A. We assume the well at C to be another metastable well and, thus, we are merely
interested in the rate for crossing over the single barrier at B. In the stationary limit thermally
activated escapes lead to a constant probability current,

1
. L / -
== (V@ + 520000 ) (612
The latter current, j, in Eq. (6.12) can be rewritten in terms of the stationary distribution (6.11)
as,

. ps(x)De(x) ., p(x)

= — d . (6.13)

J YMB T pi(x)
The diffusive current between the two metastable wells at .4 and C can, then, be obtained by
integration and is given by,

. pxa)/ps(xa) — p(xc)/ps(xc)
JA—C = I (6.14)
YMB [ dx/ps(x)De(x)
The latter equation enables us to derive an expression for the escape from a potential well over

a barrier. Since we assume the system to be initially in a stationary state at A, practically no
particle has yet arrived at C. Therefore, Eq. (6.14) can be simplified to read,

. pA
o= ) (6.15)
= M S dx/ pe(x)Dalx)

where we introduced p4 = [p(x)/ps(X)]ear 4- The escape rate, I' 4_.¢, can, now, be defined as
the ratio of the diffusive current, j 4_,¢, and the number of particles, 7 4, in a small neighborhood
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around point A,

»
Ty = ]““W. (6.16)

The number of particles, 1 4, near A can be determined with the help of a harmonic approxima-
tion of the smooth potential, V(x) ~ w?%x?/2. Then n 4 is given by,

“+00
ny = / dx p4 exp (—g W (1= ABw?) x2> (1—ABw?) . (6.17)
The Gaussian integral in Eq. (6.17) can be evaluated and we obtain,

27 (1 — ABw?
nA:pA\/ T[(‘ngfwfl)‘ (6.18)

Substituting the number of particles near A, n 4 in Eq. (6.18), in the escape rate, I 4_.¢ in Eq. (6.16)
we conclude,

w A 1
YM 27 (1~ Ape?y) J3dx/ ps(x)De(x)

Fac= (619)

The main contribution to the integral is due to a small region near the barrier top at . Since we
assume V(x) to be smooth we can further approximate the potential in a small neighborhood
around B as, V(x) ~ A — w¥(x — q)*/2, with g = xp — x 4. Hence, the integral in Eq. (6.19) can
be evaluated,

C +oo
A/dxm ~ exp (BA) _/ dx exp <_§ wg (1+ ABwg) (x — q)2>
e (6.20)

__exp (BA) V27
VB (1+2pwp)

and, finally, the escape rate for quantum Smoluchowski dynamics results in,

r _ wAwp (1+ ABw?)
AT 2y M\ (1= ABw?)

exp (—BA) . (6.21)

The latter result for the escape rate, I 4_,¢, reduces to the usual Kramers rate [Kra40] in the
classical limit, A = 0. Otherwise, for A # 0 the rate is enhanced due to additional quantum
fluctuations. The quantum fluctuations describe in a semiclassical framework the quantum pe-
culiarity of tunneling through the potential barrier at B. In Fig. 6.2 we plot the ratio of the
quantum Smoluchowski rate, I'qsg (6.21), and the classical equivalent, I'y (6.21) with A = 0, for
the simplest case of w4 = wp. We observe that the quantum fluctuations drastically increase
the escape from a metastable well. Especially close to the boundary of the range of validity,
ABw? < 1, the quantum effects govern the dynamics.
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Figure 6.2: Ratio of quantum Smoluchowski and classical escape rate, I'qsg/I' (6.21), for the
simple example w 4 = wp

6.2 Quantum fluctuation theorems in the strong damping limit

In the preceding section we presented the quantum Smoluchowski equation (6.8), which is a
semiclassical model of an open quantum system strongly coupled to a thermal environment.
In the present section (see also [BL09]) we, now, derive extensions of the Jarzynski and Crooks
relations, Egs. (2.36) and (2.57), by using a Wiener path integral representation of the solution of
the quantum Smoluchowski equation following [CJ06]. For the sake of generality, we consider a
generic driven Fokker-Planck equation, with position-dependent drift and diffusion coefficients,
D7 and D», of the form,

orp(x,at)=Fup(x,at), (6.22)

where the linear operator F, is given by,
Fp=—0: Dy (x,a) + 32Dy (x,a) . (6.23)

The quantum Smoluchowski equation (6.8) corresponds to the particular choice Di(x,a) =
—V'(x,a)/yM and Dy(x,a) = 1/[1 — ABV"(x,a)]yMPB. In the present analysis, we consider
a time-dependent problem where the potential V(x,a;) is driven by some external parameter
a; = a(t). The driving rate should be smaller than the relaxation rate, &;/a; < 7, to ensure that
the non-diagonal elements of the density operator remain negligibly small at all times [DL09].
Note that this condition is not restrictive in the limit of very large <. Then, for any fixed value of
the driving parameter, «, we write the stationary solution of Eq. (6.22) as,

ps (x,a) =exp (—¢(x,a)), (6.24)
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where the function ¢(x, «) is explicitly given by,

9y D ( y, D1 (y, )
(x, ) / dy y lx) . (6.25)

We denote by X = {x}*T a stochastic trajectory of the system that starts at t = —7 and ends at
t = +7. We further define a forward process af, in which the driving parameter is varied from an
initial value, af + = o, to a final value, oc_FH = ay, as well as its time reversed process, zxf = af -

The conditional probability of observing a trajectory starting at x_. for the forward process can,

then, be written as,
+T
PF[X|x_¢] = exp ( / drs (xt,xt, ocf)) , (6.26)
—T

with a similar expression for the reversed process. For our purposes the stochastic action in
Eq. (6.26), i.e. the generalized Onsager-Machlup functional S (x;, X;, a;), is taken to be of the
form (cf. appendix C),

[%¢ — (D1 (¢, ) — 0 DZ(xi/‘Xf))]z
4 Do (xt, )

S (xt, xt, (Xt) = (627)
The last term in the numerator of Eq. (6.27) is included to guarantee that thermodynamic poten-
tials are independent of the state representation [GG79] and follows from the It6-formula. By
assuming that the system is initially in an equilibrium state given by the solution (6.24) of the
Fokker-Planck equation (6.22), we obtain that the net probability of observing the trajectory X
for the forward process is,

PFIX] = ps (x_x, a0) P [X|x_o] . (6.28)

In complete analogy, we find that the corresponding unconditional probability for the reversed
process reads,

PRIX] = ps (x¢, 1) PR [X*]xr} , (6.29)

where we introduced the time-reversed trajectory, X* = {x]} 77 with x/ = x_;. We next compare
the probability of having the trajectory X during the forward process with that of having the

trajectory X' during the reversed process. We have

R [X*]XJLT] = exp ( 7Tdt5 <x2,xf,a§>) = exp ( 7Tdts+ (xt, 4, (xf)) , (6.30)

—T —T

where we defined the conjugate Onsager-Machlup function, ST (x;, %, a;) = S (x;, —%;, ;). The
ratio of the conditional probabilities (6.29) and (6.30) is simply determined by the difference of
Sand S'. Using the definition (6.27), we thus obtain,

F F
DX / g D) —0xDa (o) ) (6.31)
PRX|xt ] Dy (x¢,ak)
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The ratio of the forward and reversed probabilities, Egs. (6.28) and (6.29), follows directly as,

+T
PF(X] _ ps(x—x,a0) P" [X|x_] Dy (xt,af) — 9x Do (x1, af)
= = A dt X |, (6.32
PRIXY]  ps(xg, 1) PR [XHxt ] P | AeT / Dy (xi, af) o)

where Ag@ denotes the variation of the instantaneous stationary solution,

+T
Agp = / dt (& dug + 11 95) . (6.33)

By using the explicit expression (6.24) of the stationary solution ¢(x, «), we finally arrive at

PFIX] T
PRIX*] = exp /dtoct 0.9 | . (6.34)

We are now in the position to derive generalized fluctuation theorems for stochastic processes
described by the generic Fokker-Planck equation (6.22). We begin by defining the generalized
entropy production 2 as,

5 — / dtif ang. (6.35)
—T

The entropy production 2 in Eq. (6.35) is similar to the entropy production introduced by Hatano
and Sasa for systems initially in a nonequilibrium steady state [HS01]. In the present situation,
however, it corresponds to a non-Gibbsian equilibrium state. In addition, we note that the en-
tropy production, as defined in Eq. (6.35), is odd under time-reversal, £® [X'] = —%f [X]. The
distribution of the entropy production, pf(X), for an ensemble of realizations of forward pro-
cesses can then be defined as,

oF (2) = / DX PF[x]6 (£ - 2F [X]) = exp () /DX+ PR[xs (2428 X)), (636)

where we used Eq. (6.34) in the last line. Moreover, the Wiener path integral,

N—o0

N-1
/ DX = lim (47s) V2] / dxisD (xis) is) 12 6.37)
i=1

with s = 27 /N, denotes the product of integrals over all possible, stochastic trajectories X. The
continuous integral in Eq. (6.36) is interpreted as the limit of a discrete sum. Equation (6.34) can
be recast in the form of a generalized Crooks relation for the entropy production,

" (=Z) = p" (T)exp (-T). (6.:38)
By further integrating Eq. (6.38) over X, we obtain an extended version of the Jarzynski equality,

(exp(—X)) =1. (6.39)
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Expression (6.33) for the entropy production together with the fluctuation theorems (6.38) and
(6.39) constitutes our main result of the present chapter. Combined, they represent the quan-
tum generalizations of the Crooks and Jarzynski equalities, Egs. (2.57) and (2.36), in the limit of
strong damping. In the classical limit, A = 0, ¢(x,a) = B(V(x,a) — F(a)), and the entropy pro-
duction (6.35) takes the familiar form, & = B [ dtif 9,V (x,af ) — B AF. The inequality () > 0
implied by Eq. (6.39) is often interpreted as an expression of the second law (cf. section 2.3). It is
worthwhile to mention that the above derivation applies without modification to the case of an
initial nonequilibrium steady state, instead of an initial equilibrium state, leading directly to a
quantum generalization of the Hatano-Sasa relation [HS01]. Moreover, it is worth emphasizing
that £ (6.35) merely depends on the external driving, a;, and the induced variation of the sta-
tionary solution, d, ¢. Fluctuations of X solely stem from the explicit dependence of ¢ (x;, ;) on
the stochastic position, x;.

6.3 Experimental verification in Josephson junctions

No experimental investigation of quantum fluctuation theorems has been performed so far. A
scheme to study the Crooks and Jarzynski relations in isolated and weakly damped quantum
systems using modulated ion traps has recently been put forward in [DL08a] (cf. section 4.5). In
the present section we turn to a possible experimental verification of the above derived fluctua-
tion theorems (6.38) and (6.39) in the strong coupling regime. The prototypical, physical system
described by the quantum Smoluchowski equation (6.8) consists of an overdamped Josephson
junction [Ank04, TC08, TC09, uHO06]. A Josephson junction is built by two superconductors
separated by a thin barrier through which Cooper pairs can tunnel. In the following, we will
discuss how the dynamics of Josephson junctions can be described mathematically by means of
the quantum Smoluchowski approach. Moreover, we will present the resulting I-V characteris-
tics including quantum fluctuations and, finally, propose a possible measurement procedure for
the verification of the generalized expressions of the second law.

6.3.1 RCSJ-model

In order to describe the dynamics of Josephson junctions one has to consider situations where the
junction current is larger than the maximum Josephson current, I.. For such set-ups an externally
applied current can not be completely carried by the Josephson current, I;. Hence, we have to
include additional channels carrying the excess current in the description. For temperatures
larger than zero, there is a finite probability for the Cooper pairs to break up into quasiparticles.
These quasiparticles contribute similar to normal electrons resistively to the current by a present
finite voltage over the junction. The second additional channel is given by the finite capacitance
of real Josephson junctions. An equivalent circuit is plotted in Fig. 6.3 to illustrate the situation.
Due to Kirchhoff’s law [Lik86] the net current, I, flowing through the Josephson junction can be
separated into four contributions,

I=L+Ig+1c—3, (6.40)

where Iy is the resistive and I¢ the capacitive current. Moreover, we include a fluctuating term,
Jt, stemming e.g. from the Nyquist noise in electrical circuits. The resistive current is carried by
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Figure 6.3: Equivalent circuit for a resistively and capacitively shunted Josephson junction
(RCSJ-model)

the quasiparticles. Therefore, we identify Iz with the help of the usual Ohm’s law,
u

R 7

where U is the voltage drop across the junction and R the resistance. For the dynamic case,
where not only Uy, but also its time derivative, d;Uy, is nonzero, the capacitive current reads,

Ic = Cd;l;, (6.42)

I = (6.41)

with the capacitance C. Finally, the Josephson current, I;, is determined by the Josephson equa-

tions [Jos62],
2e

15 = IC sin ((Pt) and dt(Pt = % Ut . (643)
The maximal current, I, is given by I. = (2¢/%) Ej, where Ej is the coupling energy (Josephson
energy). The phase difference between left and right superconductor is denoted by ¢. Substitut-
ing Egs. (6.41)-(6.43) in the net current (6.40) we obtain,

u
I = ICsin(¢t)+f+CdtU—3t

51 4 (6.44)
= ICSiI’I(Pt + ZE dt(Pt + E Cd%(‘bt - jt,
where @) = h/2e is the magnetic flux quantum. The latter equation can be rewritten as,
n\? n\? 1 h N
<Z> Cd%(l)t + <Z> E dt(Pt + Z 8(/, (—IC COSs ((Pt) - It 4)1}) = Jt. (645)
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Figure 6.4: Stationary solution (6.49) for a circle-shaped junction with C = 1.2pF, R = 0.37(),
I, = 0.2mA and B, = 0.1 and different temperature with: 6 ~ 1 and T = 0.973K (red,
solid line); 8 = 0.99 and T = 0.979K (blue, dashed line); 6 = 0.98 and T = 0.986K
(green, dot-dashed line); 0 = 0.97 and T = 0.993K (purple, dashed line).

Hence, we conclude that the dynamics of Josephson junctions can be interpreted as the diffusive
motion of a particle with position ¢; and mass M = (%/2¢)?C, and the friction coefficient is
given by v = 1/RC. Moreover, the external potential is identified as,

V(§,t) = —Ej cos (¢) — Ei(t) ¢, (6.46)

where the energy, E;(t) = (1/2e)I;, is determined by the bias current, [;. An important quan-
tity in the RCS] model is the dimensionless capacitance (Stewart-McCumber parameter), B, =
(27t/Dy) I.R?C, where ®y = h/2e is the magnetic flux quantum. The inertial term in Eq. (6.45)
becomes negligible for B, < 1 and, thus, the magnitude of the Stewart-McCumber parameter
determines the overdamped regime. Furthermore, it is worth emphasizing that the fluctuating
current, Jy, is completely determined by the thermal environment surrounding the Josephson
junction. Hence, for small temperatures the Josephson dynamics are governed by thermal as
well as by quantum fluctuations. In the overdamped case the quantum Smoluchowski equation
becomes applicable and Eq. (6.8) equivalently describes the dynamics (cf. subsection 2.2.2). The
effective diffusion coefficient (6.9) reads,

1

el (6.47)

De(¢)

The constant § = ABEj is the crucial parameter which governs the magnitude of quantum effects
in a Josephson junction. It is directly proportional to the quantum parameter A in Eq. (6.10)
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which in the context of the RCS] model can be reexpressed as,

_ BE.
A=2p [c+‘i’ <2n2p + 1)] ) (6.48)

where E;. = 2¢?/C is the charging energy, p = R/R( the dimensionless resistance and Ry =
h/4¢® the resistance quantum. The stationary solution of the quantum Smoluchowski equation
(6.3) with periodic boundary conditions, i.e. pstat(¢) = Pstat (¢ + L), can be written as [Rei02],

_ ps(p) (ot dy 6.49
peat(9) Z /4) De(y)ps(y)’ (6.4)

where p;(¢) is given by Eq. (6.11) and Z; is the normalization constant. In Fig. 6.4 we plot the
stationary solution (6.49) for realistic experimental values of a niobium-based junction [KS10].
We observe that with decreasing temperature, i.e. increasing values of 6, the quantum fluctu-
ations drive the semiclassical particle from the potential well. Moreover, the quantum effects
depend sensitively on the temperature. For higher temperatures the distributions show the clas-
sically expected shape with their maximum at the potential minimum, ¢ = 0. By further cooling
down the probability to find a particle at the minimum of the potential withers, since the local
diffusion is proportional to the curvature. Hence, for very small temperatures the overdamped
quantum particle is most likely found outside the potential well. Nevertheless, by varying the
temperature, both the classical, § < 1, as well as the quantum regime, 6 < 1, can be explored
with the same junctions.

6.3.2 1-V characteristics

In a first step for the verification of the fluctuation theorems (6.38) and (6.39) the applicability
of the quantum Smoluchowski description has to be confirmed. Experimentally, the I-V curve
is a significant characteristic. Hence, the present subsection is dedicated to the generalization
of the result of Ambegaokar and Halperin [AH69] for a Josephson junction in the quantum
Smoluchowski regime. The present derivation follows the main steps of [AH69]. To this end,
we review and simplify the original derivation and propose the quantum generalization. For
the sake of clarity we introduce the parameter a and the dimensionless current i,

a:@ and i:Ii. (6.50)

9

Hence, the potential, V(¢) in Eq. (6.46), can be rewritten as,
a .
V(p) = —= (cos (¢) +ig) . (6.51)

Now, we express the quantum Smoluchowski equation (6.8) in terms of the probability current,
j, with the help of a particular solution, s(¢),

—7 99 |V/(@) + 29y De(9) | 5(¢) = —0y ) - (6.52)

97



6 Strong coupling limit - a semiclassical approach

For the derivation of the I-V curve we are interested in the stationary state, where j is constant.
As noted earlier, for periodic boundary conditions as implied by potentials like in Eq. (6.51) we
only need to consider the value of ¢ modulo 277 (cf. Eq. (6.49)). Consequently, we may restrict ¢
to the interval 0 < ¢ < 27. For normalized stationary solutions, ssat(¢), the inverse probability
current, 1/j, is given by the mean first passage time, i.e. the average time for a phase slippage of
27t. Thus, the mean voltage (U) is given in accordance with the Josephson equations (6.43) by,

h

()= (6.53)

For the present purpose the stationary solution (6.49) is reformulated with L = 27 to read,

¢ 27
iy ps(9) dy dy
@) =T ) — i@ {”S(O)O/ D P2 | De<n>ps<n>} O

where p;(¢) is again the stationary solution (6.11) normalized over the total support of the quan-
tum Smoluchowski equation (6.8). From the latter formulation of the periodic stationary solu-
tion (6.54) and noting its normalization over one period, fozn d¢p sstat(¢) = 1, the dimensionless
voltage v = (U) /I.R is obtained to read,

4 1 27 -1
T exp (amti) — 1
T 0 " exp (ami) {/ dgb/d;y De } '

The latter equation constitutes the generalization of the classical I-V characteristics to systems
describable by means of the quantum Smoluchowski equation (6.8). In the following we con-
tinue with a graphical analysis of the analytical I-V characteristics (6.55). To this end, the double

(6.55)

UluV] UluV]
1.2 =
0.003/ ;
1.0j /,’/
0.002} o =7
0.001} 0.6/ -
e TIK]
‘ ‘ ‘ T[K
554 16 15 20K 7 12 14 16 18 20

Figure 6.5: Temperature dependent I-V characteristics (red, solid line) (6.55) together with classi-
cally expected results (blue, dashed line) (6.60) for circle shaped Josephson junctions
with C = 1.2pF, R = 0.37Q), I, = 0.2mA and B, = 0.1 and different values of i; left,
i = 0.985; right, i = 0.995;

integral expression in Eq. (6.55) has to be evaluated numerically. For the sake of higher numerical
accuracy and comparability with the classically expected result [AH69] we further reformulate
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the I-V curve (6.55) with the help of a coordinate transformation. Let Y be a two dimensional
map,

x [0,27r] — [0,27]?
Y = (¢,1) (6.56)

whose inverse map transforms the original variables, (¢,7), to the new variables, (x,y), and
explicitly reads,

=S (t9+n)  ad  y=p-¢ (6.572)

and
¢$= (2x —y—n) and n= ! (2x +y—m). (6.57b)

Then, the I-V characterlstlcs (6.55) can be reformulated as a two dimensional integral expression
in the new variables, (x,y),

27 5/2m
Sl oy [lan 1= snsycn (3) - sin () o)

/2
2

-1
X exp (—ai% —asin <%> Ccos (x)) exp <% [sin (2x) sin (y) + 4i sin (x) sin <%>]> } .
(6.58)

The latter expression in Eq. (6.58) further simplifies in the classical limit, A = 0, and we have,

T s -1
oy = 47 exp (ami) — 1 {7 dy 5//2 dx exp (—ai %) exp <—asin (%) cos (x))] ,  (6.59)

a exp (ari) A

which can be simplified with the help of the modified Bessel function Iy [AS72] to read,

-1
Ve = %% {/ dy exp < a1y> Ip (asm (Z))] . (6.60)

Equation (6.60) is the I-V curve, which is expected to be measured if quantum effects of a low
temperature bath are not taken into account. Moreover, Eq. (6.60) expresses the result of [AH69]
and coincides with the formula given in the lecture notes of Gross and Marx [GMO05].

In Figs. 6.5 and 6.6 we plot the quantum Smoluchowski I-V characteristics (6.55) together with
the classically expected result (6.60) for realistic Josephson junctions [KS10]. For illustration
of the quantum effects the voltage, U, is plotted as a function of the temperature for different
values of the dimensionless bias current, i. We observe that the quantum fluctuations lead to
an enhanced voltage, U, and, thus, manifest themselves in an apparently higher temperature
in the measurement outcome. The lower temperature range in the plots in Figs. 6.5 and 6.6
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Figure 6.6: Temperature dependent I-V characteristics (red, solid line) (6.55) together with classi-
cally expected results (blue, dashed line) (6.60) for circle shaped Josephson junctions
with C = 1.2pF, R = 0.37Q), I, = 0.2mA and B, = 0.1 and different values of i; left,
i = 1.005; right, i = 1.015;

is determined by the conditions of validity of the quantum Smoluchowski equation (6.6). For
even lower temperatures a complete quantum mechanical description becomes necessary [IP98,
IG99]. Finally we note that the additional quantum fluctuations imply for low temperatures
a significant effect on the I-V characteristics. However, highly sensitive measurements become
necessary to exclude measurement errors on small voltage scales. Moreover, the quantum effects
in the I-V curves are largest for bias currents i 2 1 (cf. Fig. 6.6) and are negligible for i < 1 (cf.
Fig. 6.6).

6.3.3 Possible measurement procedure

Once it has been shown that the quantum Smoluchowski description is applicable, the fluctu-
ation theorems (6.38) and (6.39) can be experimentally verified in such systems. The nonequi-
librium entropy production (6.35) can be experimentally determined in a Josephson junction by
applying the following measurement procedure. The phase ¢ can be directly deduced from a
measurement of the Josephson current, I;, once the current-phase relation of the junction has
been determined [KI04]. The system is then first prepared in a given initial state and let to relax
to its stationary state (6.49). After the latter has been attained, the Josephson potential, V(¢), is
modified according to a specific driving protocol, a;, with e.g the help of an external magnetic
tield. The entropy production, X, during such a protocol (corresponding to either a forward or re-
versed transformation) can be evaluated via Egs. (6.35) and (6.43) from the recorded values of the
current. The distribution function of the entropy can eventually be reconstructed by repeating
the above measurement sequence, and the validity of the quantum fluctuation theorems (6.38)
and (6.39) in the quantum Smoluchowski regime can be tested. For a Josephson junction, which
is driven by a time-dependent bias current, the entropy distributions have been determined and
the fluctuation theorems (6.38) and (6.39) verified numerically in [Brul0]. The driving with a
time-dependent bias current has the advantage that the complexity of the experimental set-up is
reduced by omitting additional wires inside the cryostat generating the predetermined magnetic
tield. However, the external driving, i.e. here outside the cryostat, is more sensitive to external
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perturbations. The experimental realization of junctions with the appropriate parameters has
already been possible, whereas the details of the real measurement procedure still have to be
clarified [KS10].

6.4 Summary

In the present chapter we considered an open quantum system strongly coupled to a thermal
environment. For such quantum systems a semiclassical description becomes feasible due to
generic effects of the environment, like decoherence. First, we presented the quantum Smolu-
chowski equation, which is a classical equation of motion with a quantum modified diffusion
coefficient. In a semiclassical picture quantum effects manifest themselves as additional quan-
tum fluctuations and, hence, an effective diffusion coefficient. As an illustration of the properties
we derived the escape rate from a metastable well and showed that the quantum fluctuations
properly describe quantum peculiarities like tunneling through a potential barrier. As a com-
pletely new contribution we, then, derived Crooks and Jarzynski type fluctuation theorems for
the reduced system dynamics. The latter expressions of the second law for quantum systems ar-
bitrarily far from thermal equilibrium can be verified in a Josephson junction experiment. To this
end, we introduced the RCSJ-model and discussed, how the Josephson junctions dynamics are
translated into the quantum Smoluchowski regime. As an experimental verification of the ap-
plicability of the model we proposed the measurements of the I-V characteristics. We concluded
that the quantum effects lead to an enhanced voltage in the I-V curve for particular values of the
temperature and the bias current as it is expected from the classical theory. Finally, we proposed
a possible measurement procedure for the verification of the fluctuation theorems.
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7 Epilogue

The present thesis covered a wide range of problems in quantum thermodynamics. Starting
with a geometric approach to explain the dynamical properties of isolated quantum systems in
chapter 3 we developed a complete thermodynamic description of quantum systems obeying
unitary dynamics arbitrarily far from equilibrium in chapter 4. As a prototypic experimental
system for the research of quantum thermodynamics we analyzed cold ion traps. Then, we
turned to quantum systems coupled to a thermal environment. In chapter 5 we derived the
universal expression for the irreversible entropy production and an integral fluctuation theorem
valid in the weak coupling regime. Moreover, we were able to derive the equivalent result in the
strong damping limit in chapter 6, which could be verified with the help of a Josephson junc-
tion experiment. Nevertheless, there remain various open problems, which have to be solved in
future research. In particular, the development of a general approach to thermodynamics con-
sidering merely the reduced system dynamics is still lacking. Admittedly, the present thesis and
recent publications [TH09a, TH09b, CHO09] cover most physically relevant situations. However,
from an experimental point of view, usually, only the system of interest is controllable. On the
contrary, the heat bath may be arbitrarily large, and, thus, it is not possible to gain complete
information. Moreover, we only have resilient results in the weak and high damping limit. For
general couplings of the reduced system to arbitrary environments a completely thermodynamic
description is an unsolved problem.

One might pose the question, whether it makes sense to insist on a thermodynamics descrip-
tion of the reduced system only. Over the last two centuries thermodynamics has been proven to
be an extremely powerful concept, since it is a phenomenological theory of mean values. From
chemical reactions to black holes thermodynamics can explain the physics of general systems
at any length scale. For systems arbitrarily far from equilibrium, however, the physical prop-
erties are significantly dependent on the explicit time evolution. For classical systems as well
as for quantum systems ultra-weakly coupled to a thermal environment it has been possible to
extend the conventional thermodynamic theory explicitly taking fluctuations into account. On
the contrary, for open quantum systems with arbitrary coupling to the environment dynamics
are governed by the interaction between the distinct subsystems. Hence, thermodynamic quan-
tities like work and heat have to be re-defined carefully. Thus, it is desirable to develop the
corresponding theory.

Concluding remarks

The present thesis drew a bow over a wide range of couplings between a quantum system of
interest and a thermal environment. We have been able to derive general expressions for the
irreversible entropy production for any kind of processes operating arbitrarily far from thermal
equilibrium. Starting with a phenomenological approach to the accessible degrees of freedom
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7 Epilogue

we developed general expressions of the second law for almost all imaginable, physically rele-
vant quantum situations. The present considerations have been motivated by an experimental
point of view and the original philosophy of thermodynamics. To this end, we had to elaborate
a geometric approach to isolated quantum systems and include methods of statistical physics,
quantum information theory and the theory of open quantum systems.
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A Quantum information theory

The present appendix introduces information theoretic quantities, which have been used in the
above considerations. We summarize definitions and outline the most important properties.

A.1 Relative entropy

The Shannon or von Neumann entropy [vIN55] is a function that is an expression of the infor-
mation content of a probability distribution. However, in information theory one often wants to
measure the distinguishability of two distributions, p(x) and g(x). One of the most frequently
considered quantities is the Kullback-Leibler divergence [KL51],

D (plln) = [ dxplom (25)). (A1)

The latter equation defines a non-symmetric measure of the difference between two probability
distributions. Moreover, D (p||q) measures the expected number of extra bits required to code
samples from p(x) when using a code based on g(x), rather than using a code based on p(x).
The divergence is always non-negative,

D (pllg) =0, (A.2)

which is a result known as Gibbs’ inequality, with D (p||q) equals zero only for identical distribu-
tions, p = q. Furthermore, the divergence remains well-defined for all continuous distributions
and is invariant under parameter transformations.

A.1.1 Inequalities in information theory

The most important inequalities in information theory are lower bounds on the Kullback-Leibler
divergence (A.1). Even the Shannon-type inequalities can be recast in this category. There exist
only very rare results for useful upper bounds, since the divergence D (p||q) depends very sen-
sitively on events that are very rare in the reference distribution q. Hence, D (p||q) diverges if an
event of finite non-zero probability in p becomes exceedingly rare in 4. Therefore, p is required
to be absolutely continuous with respect to g to avoid D (p||g) being ill-defined.

Gibbs’ inequality

The Gibbs’ inequality was first proposed in the 19th century. For discrete probability distribu-
tions, p, € {p1,...,pn} and g, € {q1,..., pn}, the following inequality between positive quanti-
ties holds,

N N
- Z pnln(pn) < — ;qn In(pn), (A.3)

n=1
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with equality only if p,, = g, for all n. A direct corollary is the non-negativity of Kullback-Leibler
divergence, D (p||q), in Eq. (A.2).

Kullback’s inequality

The Kullback’s inequality gives a lower bound on D (p||q) expressed in terms of the large devi-
ations rate function. It reads,

D (pllq) = ¥5 (u(p)) , (A4)

where 17 is the rate function, i.e. the convex conjugate of the cumulant-generating function, of
g, and u (p) is the first moment of p. A corollary of the latter Eq. (A.4) is the Cramér-Rao bound
[Rao45] (see also Eq. (A.19)).

A.1.2 Quantum relative entropy

In quantum information theory, the quantum relative entropy is the quantum mechanical gen-
eralization of the Kullback-Leibler divergence (A.1). It was first proposed by Umegaki [Ume62]
and reads for two density operators, p; and p»,

S (p1llp2) = tr{p1Inp1} —tr{p1Inp2} . (A.5)

We immediately see from Eq. (A.5) that for commuting densities, [p1, p2] = 0, the definition
(A.5) coincides with the classical case (A.1). Further, the quantum relative entropy is always
non-negative, S (p1/|p2) > 0, which is usually known as Klein’s inequality. Finally, S (p1||02)
serves as a measure of entanglement [Ved02]. Let a composite quantum system have a Hilbert
space, H, with

H = @k H, (A.6)

and p is a density operator acting on the total system. Then, the relative entropy of entanglement
of p is defined as,

Dent(p) = main {S(plle)}, (A7)

where the minimum is taken over all separable states, ¢. It follows, that p is not an entangled
state, if Dent(p) = 0.

A.2 Fisher information

The Fisher information, Z (©), is the variance of the score. This means, that Z (®) measures
the amount of information that an observable, random variable, x, carries about an unknown
parameter, ©. We denote the likelihood function of © by p (x; ®). The likelihood function is the
joint probability of the data, the values of x, conditional on the value of ®. The variance of the
score is simply given by the second moment of the score, since the expectation is zero. Hence,
the Fisher information reads,

Z(©) = ([oe In(p (x:©))1)_ - (A8)

106



A.2 Fisher information

For parametric probability densities, p (x; ®), Eq. (A.8) can be written as,
/ dx 86’7 % ®>) . (A9)

From the latter formulation in Eq. (A.9) of 7 (®) we observe that the infinitesimal Fisher infor-
mation is given by the square of the infinitesimal statistical distance (3.11),

1 2
dZ = (E d€> . (A.10)
The quantum generalization of the latter Eq. (A.10) was used in Eq. (3.58).

A.2.1 Relation to Kullback-Leibler divergence
Now, we consider two parametric probability distributions, p (®), with p; = p(©;) and p, =
p (®;). Then, the Kullback-Leibler divergence (A.1) reads,

D(p(@1)llp(€2)) = [ drp(venn (EEZE1). (A1)

For infinitesimal changes in the parameter ©, @, = ©; + /O, the divergence is proportional to
the Fisher information (A.8) [Kul78],

600 1

D (p(©2-40) ||p(©2)) = 5 I(®2) (60)*, (A.12)

why we conclude,
RBD(P(©)[lp(©2))]g_e, =Z(©2). (A.13)

The latter equation is the underlying quantum information theoretic relation which led to the
generalization of the Clausius inequality in chapter 4.

A.2.2 Cram ér-Rao bound

The Cramér-Rao bound relates the Fisher information with the quality of a measurement with es-
timators O (x). We consider in the following the class of unbiased estimates, obeying (® (x)) =
©. Here, the angle brackets denote the average over the probability density, p (x; ©),

(O (x) dx ( —0)p(x0)=0. (A.14)
By differentiating with respect to O, the latter equation transforms into,

/dx ~©)dop(x;0) - /dxp % ©) = 0. (A.15)
With the identity dg p = pde In (p) and making use of the normalization of p Eq. (A.15) reads,

[dx (©(x)~0) p(x:0) do I (p(x:0) =1, (A16)
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which we rewrite as,

/dx [V/Fdo In(p (x:0))] [(O (x) —©) /p] =1. (A17)

By squaring Eq. (A.17) and making use of the Cauchy-Schwartz inequality we, finally, obtain,

<[a@ In (p (x;@))]2>® < O (x) — @}2>® >1, (A.18)

which is the Cramér-Rao bound [Rao45]. Hence, the Fisher information, Z (®), estimates the
precision of a measurement from below,

([6x)-0]") > ﬁ. (A.19)

It is worth emphasizing that the Fisher information, Z(©), is a fundamental quantity in infor-
mation theory, whose relation to thermodynamics is not completely clarified yet.

A.3 Bures metric

In the above considerations we introduced the Bures length (3.30) and the Bures distance (4.33).
The underlying metric of both quantities first appeared in the literature by Kakutani in 1948
[Kak48] and was mathematically properly defined by Bures in 1969 [Bur69]. The Bures metric
defines the infinitesimal distance between density operators,

£ (o,p+50) = 5t {5pG) (A20)

where G is implicitly given by,
pG+Gp=dp. (A.21)

Therefore, the Bures metric is by definition a non-trivial quantity, whose explicit expression can
only be evaluated for special situations.

A.3.1 Explicit formulas

From the definition (A.20) the evaluation of the Bures metric is not evident. For finite dimen-
sional systems Dittmann [Dit99] proposed the following formulas valid for 2 x 2 and 3 x 3 sys-
tems, respectively,

1 1
L (o, +0p) =y tr {592 * Jerp 1 PP (1=p) 59} : (A.22)

and

2, 3 4 _

;
3 gy () o (1-e7) o
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Moreover, in terms of the eigenvectors |n) and eigenvalues p, of the density operator p Hiibner
found [Hue92],
L | (jloplk)|®

1
L(p.p+op)) =5 Z

A24
=1 pj + Pk ( )

Finally, following Sommers and Zyczkowski [SZ03] the volume element induced by the Bures
metric (A.20) can be used as a prior probability density.
A.3.2 Quantum Fisher information

The Bures metric (A.20) can also be seen as the quantum equivalent of the Fisher information
metric [BZ06]. In terms of the variation of coordinate parameters (A.20) reads,

1
[£(pp+dp)]* = S tr {d@”p LV} d@®,do, (A.25)
where dg,p is given by,
1
5 (0Ly+Lyp) = dep. (A.26)
Hence, we obtain,
1 1
(£ (p,p+ dp)]z = Etr { (Ly L, + Ly Ly) P} do,do,, (A.27)

where the quantum Fisher information metric is identified as,

1
v = tr{i (LuLy+LyLy) P} : (A.28)

In its simplest formulation the identification in Eq. (A.27) served as a starting point for the
derivation of the quantum speed limit in Eq. (3.58).
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B Solution of the parametric harmonic
oscillator

In this appendix we summarize the basic concepts and solutions of the parametric harmonic
oscillator. We use the method of generating functions, which was introduced by Husimi in 1953
[Hus53]. For a detailed discussion and modern review we refer to [Def08] and [AL10].

B.1 The parametric harmonic oscillator

The Hamiltonian of a quantum mechanical harmonic oscillator with time-dependent angular
frequency w; reads,

2
p M 52
Hy = — 4+ — wix”. B.1
oM T2 .1
The parameterization w; starts at an initial value wp at t = ty and ends at a final value w;

at t = 7. We denote by ¢/, the instantaneous eigenfunctions and by E!, = hw; (n+1/2) the
instantaneous eigenvalues of the quadratic Hamiltonian (B.1). The dynamics of the harmonic
oscillator is Gaussian for any w;. By introducing the Gaussian wave function ansatz,

P(x) = exp (i [apx® + 2bix + ct]>, (B.2)

the Schrodinger equation for the oscillator can be reduced to a system of three coupled differen-
tial equations for the time-dependent coefficients a;, b; and c;,

1 1
M dtﬂt = — W ﬂ% — (AJ%, (B3a)
diby = — % atby, (B.3b)
if 1
dtCt = M ar — M b% (B3C)

The nonlinear equation (B.3a) is of the Riccati type and is, therefore, solvable. It can be mapped
to the equation of motion of a classical time-dependent harmonic oscillator via a; = M X/ X,
and we obtain,

X +w?Xi=0. (B.4)
With the solutions of (B.3) the Gaussian wave function ;(x) (B.2) is fully characterized by the
time-dependence of the angular frequency w;. The general form of the propagator can be deter-
mined from ¥;(x) by noting that

$i(x) = [ o U (xlx0) g1, (x0) (B.5)
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It is explicitly given by [Hus53],

M iM . 5 >
Ut,to = 27'(th,§ exp <27’1Xt [th — ZXJC() -+ th0]> , (B6)
where X; and Y; are solutions of Eq. (B.4) satisfying the boundary conditions Xo = 0, Xo = 1
and Yy = 1, Yy = 0, the latter being an expression of the commutation relation between position
and momentum.

B.2 Method of generating functions

The time variation of the angular frequency (B.1) induces transitions between different energy
eigenstates of the oscillator. We are, thus, interested in the transition probabilities, Prins from an
initial state, [n) at top = 0, to a final state, [m) at t = 7. In the following, we use the method of
generating functions to evaluate p;, , [Hus53]. We start with the definition,

2
Piin = ‘/dxo/dxqb*;(x) Uro(x|x0) ¢(x0)| (B.7)
and denote the complex conjugate of a number z by z*. The quadratic generating function of
¢, (x) is given by,
& Muwy < Maw; (1+u?)(x* 4+ x3) — 4uxxo>
exp | — ’

ngo u" 4):1(3() 4)*;(3(0) = m 7 2(1 — u?)

(B.8)

which can be calculated by a Fourier expansion of the left-hand side of Eq. (B.8). The generating
function of py, , is, then, defined as,

P(u,0) =Y u™o"py, .. (B.9)

Combining Egs. (B.7) and (B.8), we find that
B V2
VO (T —u2) (1 —02) + (1 +u2)(1+02) —4duv

The (u,v)-dependence of the generating function, P(u,v), remains the same for all possible
transformations w;. Details about the specific parameterization of the angular frequency only
enter through different numerical values of the parameter Q* given by,

P(u,v) (B.10)

. 1 . ,
Q= 5o {wh [wi X2+ X3] + [w Y7+ V2] ). (B.11)
From a physical point of view, Q* can be regarded as a measure of the degree of adiabaticity of
the process and will be discussed in more detail in the following section. Among the proper-
ties of the generating function, P(u,v), it is worth mentioning that the law of total probability,
Y pin = 1, is fulfilled and is equivalent to,

n

1
1—u’

P(u,1) = (B.12)
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For a constant frequency, w; = wy, we note that the solutions of Eq. (B.4) are given by,

1
X = o sin (wot), and Y; = cos(wpt). (B.13)
0

The latter imply with Eq. (B.11) that Q* = 1 and Eq. (B.10) thus simplifies to,

1

Pu Ol = 155

(B.14)

which is equivalent to py, , = 6y, indicating the absence of transitions, as expected. The
symmetry relation of the generating function (B.10), P(—u, —v) = P(u,v), further shows that
Pmn = 0if m, n are of different parity. This is an expression of a selection rule m = n + 2k,
where k is an integer. We mention in addition that the transition probabilities are symmetric,
Piun = P following P(u,v) = P(v,u). Explicit expressions for the transition probabilities,
Prun. are given in terms of hypergeometric functions in section B.4.

B.3 Measure of adiabaticity

The parameter Q* defined in (B.11) can be given a simple physical meaning [Hus53]. We base
our discussion of adiabaticity on the equivalent classical harmonic oscillator (B.4) since the gen-
erating function, P(u, v) in Eq. (B.10), is fully determined through the classical solutions X; and
Y;. For an adiabatic transformation, the action of the oscillator, given by the ratio of the energy
to the angular frequency, is a time-independent constant. For quasistatic processes we have the
two adiabatic invariants,

XP+wpXp 1 and Y+ wfY?

wo. (B.15)
Wi wo Wi

From the definition (B.11) of the parameter Q*, we see that in this case we simply have Q* =
1. As mentioned earlier, this implies P(1,v) = (1 —uv)~! and pJ,,, = Omn. The latter is an
expression of the quantum adiabatic theorem: For infinitely slow transformations no transitions
between different quantum states occur. For fast transformations, on the other hand, we can
regard Q" as a measure of the degree of nonadiabaticity of the process. As an illustration, we
evaluate mean and variance of the energy of the oscillator at time T and express them as a
function of Q*. For a transition from initial state |n) to final state |), the mean-quantum number
of the final state (m), can be obtained by taking the first derivative of the generating function
(B.10) of pE,

Y u'y mpy,, =9, P(u,v)| _ = Q(li(lu)__u)(; —u) , (B.16)

and expanding the left hand side of (B.16) in powers of u:

(m), =Y mpy,= (n + %) Q* — % (B.17)
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Noting that p% = exp(—BEY)/Zo, the mean energy of the oscillator at time T then reads
1 h
He) =Y hay ((m)n + E) Pl = ﬂ Q" coth <§hwo> . (B.18)
n
Since (m), > 0, and, hence, (H;) > hw/2, the parameter Q* necessarily satisfies Q* > 1 for

generic processes. In the zero temperature limit, Eq. (B.18) reduces to,

(He) = hwl Q* (B.19)

The above equation corrects a misprint appearing in Eq. (5.21) of Ref. [Hus53] (wo should be
replaced by w;). The mean-square quantum number, (m?) — (m)i, at time T can be calculated
in a similar way by considering (m(m — 1)), . By differentiating Eq. (B.10) twice, we have,

- *2 2 * (2
Zu Zm m—1)ppn= L+ 6)u+33(u(i5?1)) QW 1) ’ (B.20)

and a series expansion in powers of u leads to,

(m(m—1)), :i 120 (n41) —4Q" @n+1)+3Q2 @2 + 20+ 1)]. (B2

The mean-square quantum number is then obtained by combining Egs. (B.17) and (B.20):

(m*) — (m)? = % (Q*2 — 1) (n*+n+1). (B.22)

From Egs. (B.17), (B.18) and (B.22), we can finally write the variance of the energy as,

2
(H2) — (H¢)? = f Z]% csch? (ghwo> [Q*Z + <Q*2 — 1) cosh (ﬁhwo)} : (B.23)
The zero-temperature limit,
hZ 2
(HZ) — (Ho)? = ;]l (Q*z —~ 1) , (B.24)

is again the correct version of Eq. (5.22) of Ref. [Hus53]. Equation (B.22) indicates that the param-

eter Q* directly controls the magnitude of the variance of the occupation number, <m2>n — <m>i

In the adiabatic limit, where Q* = 1, we readily get (1), = n and (m?*) — (m)i = 0. We, there-
fore, recover that for adiabatic processes the system remains in its initial state, |m) = |n). On the
other hand, for fast nonadiabatic processes, the mean, (m>n, and the dispersion, <m2>n — <m>i,
increase with increasing values of Q*, indicating that the quantum oscillator ends in a final state,
|m), which is farther and farther away from the initial state, |n). The latter corresponds to larger
and larger final values of the mean energy and energy variance, Egs. (B.18) and (B.22).

It is worth mentioning that the above discussion of the adiabaticity parameter Q* for the

parametric oscillator is close in spirit to the Einstein criteria for adiabatic processes [Kul57].
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Einstein noted that for an adiabatic process, the classical action of the oscillator, (H;) /w;, should
remain constant and the number of quanta should, therefore, remain unchanged. In the present
situation, we have (Hr) /w; &« Q*, and the action only remains constant when Q* = 1. The latter
is precisely the condition that we derived for an adiabatic transformation. For nonadiabatic
processes, the parameter Q* > 1, thus, gives a measure for the increase of the classical action of
the oscillator. Further discussions of adiabatic measures can be found in Ref. [Tak92].

B.4 Exact transition probabilities

We, here, collect the analytical expressions of the transition probabilities py, , [Hus53]. Despite
its apparent simplicity, the generation function, P(u,v) in Eq. (B.10), cannot be expanded in
powers of u and v in an exact series. We, thus, make use of the pj, , as defined by the matrix

elements of the propagator U o(x|xo), pf,, = |U}, ‘2 (B.6). This matrix elements are given by,

/dxo/dx<,b ) U 0(x|x0) 2 (x0). (B.25)

We use again the method of generating functions here the linear generating function of ¢/ (x)
[DL77a],

o0 n\ 1/2
Y <ﬁ2 > 2"l (x) = ¢ Moy exp< M 42 thzx—22> p (B.26)

—\"n 7z 2h 7z

to evaluate the generating function of the propagator,

7.[2n+m 1/2
J— n.,,m T
U(u, U) = n;l <W> u'o Um’n . (B27)
By introducing the complex parameters,

= wiwoXe — woiXe + wiiYe + Yo, IC)> = 2wowr (Q* — 1) (B.28a)

we can write 5 5

4 — 44 JCOncon *
U(u,v) = ﬂ exp <§u fy/ ooyt + €70 > (B.29)
Vio /2 o

The matrix elements, Uy, ,,
and v [Husb53],

c nlmtgng=m  minmm o 70" — 1))
i = v 2“’0“’1\/2n+m—1ian+m+1 Lo W= )/2n [m =D/ (B:30)

According to the selection rule m = n & 2k, I runs over even numbers only, if m, n are even, and
over odd numbers only, if m, n are odd. The explicit expression for the matrix elements, Uy, ,,
then reads for even elements,

[ 2v2u! | gy V2wowr 1 2
u2H v — 2v+2u—1; \| F2v+2u+1 I‘ y + 1 1/—|— 1) 2h1 —H 2’ 1—Q* . (B'31)
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and for odd elements,

- O 8u+D)Iu+ 1) [t Y wgwy r 32
2u+12v+1 (1— Q) 22v+2u+1 22T T+ 1) T (v + 1)2 1 <_:”' -V 2’ 1—7Q*> :
(B.32)
We have here introduced the hypergeometric function F; [AS72] in order to simplify the sums
and write the matrix elements, U}, ,, in closed form. Furthermore, I'(x) denotes the Euler

Gamma function. Combining everything, we get the explicit expressions for the transition prob-
abilities, which reads for even transitions,

.o Q  —I\""'T(/24u)T(1/2+) : 12 2
Pz = Q1) (Q*+1> AT(L+ ) T(1+v) [“(‘”"”‘ ﬂ

Y iio
(B.33)
and for odd transitions,

] B 27/2 <Q*_1>H+VF(3/2_|_V)1—'(3/2—|—1/) |:F <_ _ .3. 2 >:|2
Pz = g ez \Qred A +ra+y) UM T 1))
(B.34)
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C Stochastic path integrals

The last appendix is dedicated to an introduction to stochastic Wiener path integrals. Here, the
phrase path integrals refers to the generalization of the integral calculus to functionals. A lucidly
written introduction to the topic may also be found by Wiegel [Wie86]. The development of a
calculus for functionals was initiated by Volterra [Vol65]. His main contribution was a recipe
how to handle functions with infinitely many variables. (a) Replace the functional by a function
of a finite number, N of variables. (b) Perform all calculations with this function. (c) Take the
limit N to infinity. This recipe led after several developments to Feynman'’s representation of the
propagator of the Schrodinger equation by the complex-valued path integral. The Schrédinger
equation, on the other hand, takes the form of a general Fokker-Planck equation with complex
time. Hence, path integrals are also applicable for the evaluation of the solution of stochastic
problems. In the following we review the definition and basic properties of stochastic path
integrals, also called Wiener functional integrals.

C.1 Definition and basic properties

Let us start with a very simple problem, namely the free diffusion of a Brownian particle. Its
dynamics are described by the diffusion equation,

dp(x,t) = Dorp(x,t), (C.1)

where, as usual, p(x, t) denotes the probability distribution of the particle and D is the diffusion
coefficient. Now, let po(x, t) be a solution of (C.1) with deterministic initial position, (xo, to),

po(x,to) = 0(x — xo). (C2)

Hence, the solution py(t, x) is evaluated to read,

po(x, t) = ! exp (_M) (C.3)
’ 47D (t —ty) 4D (t—to) )’ ‘

as can be verified by substitution. The latter solution in Eq. (C.3) is, usually, called the Green’s
function of the diffusion equation, or the propagator of a Brownian particle. Following Volterra’s
recipe we have to replace the continuous solution py(t, x) by a finite sequence. To this end,
we divide the time interval [ty,f] into N + 1 equal intervals of length €. Thus, we obtain an
ordered sequence of time points, t; < t, < ... < ty. Now, we ask for the probability to find a
particle, which started in x( at o, in small neighborhoods around the positions x1, x2, ..., Xy, x at
times t1, t, ..., tn, t. The neighborhoods are understood as small spatial uncertainties denoted by
dxi,dxy, ..., dxy, dx. Since we can assume the dynamics in each subinterval to be independent,
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space

Figure C.1: Particle trajectory which starts at position xg at time fyp and passes trough N + 1
intermediate time steps, t1, t2, ..., tn, t

i.e. Markovian dynamics, the total probability is given by the product of the propagator (C.3)
over the successive subintervals,

De)~(N+1)/2 1L & NHd ‘ 4
(47tDe) exp | 5 Yo (xjp—x)7 ) T dxj, (C4)
€ j=0 j=1

where we defined the final time point xy11 = x. In the continuous limit of infinitely many
intermediate time steps, € — 0, N — oo, (N + 1)e = t — ¢, the latter expression (C.4) converges
to the probability for the particle to follow a particular path X = {x}} from x to x. Moreover,
the exponential in (C.4) can be written in the continuous limit as,

t
1 2
o |~ / ds (3sx)? | . (C.5)
0

By construction one rediscovers after integration of expression (C.4) over all intermediate coor-
dinates, x1, x2, ..., Xy, the original probability density (C.3). The result is the derivation of the
propagator of a Brownian particle as a Wiener path integral,

X t
po(x,t) = /DX exp —%/ds (3sx)* | (C.6)
X to

0

It is worth emphasizing that the right-hand side of the latter equation (C.6) is merely a notation
for Volterra’s recipe applied to a particular functional. The symbol DX denotes the infinitesimal
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small collection of sequences X = {x}{ , which obey,

x(to) =X0,
x1 < x(t1) < x1 +dxq,

xp < x(f2) < xp +dxg, €7

xn < x(tny) < xn +dxy,
x(t) =x.

Hence, the symbol DX can equivalently be expressed as a product over all intermediate coordi-
nates,

/ DX = lim (47De)”N+1/2 ]‘[ / dx;. (C.8)

Further, on the left-hand side of Eq. (C.8) the boundaries of the path integral indicate, that all
possible paths, X, start and end in the same initial and final coordinates, xy and x, respectively.
On the right hand side, however, the integrals runs over the whole probability space. For the
evaluation of path integrals one always has to perform all integrations in the discrete formula-
tion and, then, take the limit N — co.

C.2 Onsager-Machlup functional for space dependent diffus ion

In the latter section we considered the simplest, physically relevant case, namely the diffusion
equation of a free Brownian particle. Next, we turn to the more complicated problem of general
Fokker-Planck equations. A detailed derivation of the according path integrals was proposed
by Grabert and Green [GG79], whereas we follow, here, the more heuristic approach of Risken
[Ris89]. For the sake of generality, we consider a generic driven Fokker-Planck equation, with
time and position dependent drift and diffusion coefficients, D1 and D5, of the form,

ap (x,t) = F(x,t) p(x,t), (C9)

where the linear operator F (x, t) is given by,
F(x,t) = =0y Dy (x,t) + 32 Dy (x,t) . (C.10)
A formal solution of Eq. (C.9) with the deterministic initial distribution (C.2) can be written as,
po(x,t) = To exp (F(x,t) (t—to)) 6 (x —x0) , (C.11)

where 7- is the time ordering operator. The time ordering has to be included in the solution in
order to formulate the corresponding fundamental system of Eq. (C.9) as a well-defined formu-
lation. For small increments of time, € = t — t(, the latter solution py(x,t) can be expanded to
read,

pe(x,t) =~ [1+ F(x,t) e+ O (€*)] 6 (x — xp) (C.12)
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From the latter expansion we conclude that for small times € the time ordering can be omitted.
Thus, we obtain up to corrections of the order €2,

pe(x,t) = (1 =095 D1 (x0,t) €+ 02 Dy (x, t) €) §(x—xp), (C.13)

where we replaced x by xg in the drift and diffusion coefficients. If we now introduce the repre-
sentation of the J-function in terms of a Fourier integral, we obtain for small €,

pe(x,t) = (1 —9x Dy (x0,t) €+ 93 D2 (x0,t) €) % /du exp (iu (x — xp)). (C.14)

By further evaluating the derivatives in Eq. (C.14) we then obtain,

pe(x, t) = % /du exp (iu (x — xp)) (1 —iu Dy (xo, 1) € — w* Dy (xot) 6) (C.15)

1 ] .
~ E/du exp (zu (x —x9) — iu Dy (xo, t) c—1u2D, (xo,t)e).

Thus, the propagator of a general Fokker-Planck equation is given for small time steps € as,

2
pe(x, t) = 1 exp <— (x = %0 = Da(xo, t)e) ) . (C.16)

471Dy (x0,t)€ 4D5(xo, t)e

As before (cf. Eq. (C.4)) the probability for a sequence of N successive, independent steps is
given by the product of the propagator of the individual, infinitesimal steps,

N+1 T N (. . ARAAY:
L —(N+1)/2/ (x]+1—x]—D1(x],t])€)
x,t) = lim | | 47tDy(x;i,t)e dx; ex —2 .
po(x, t) N L] ( 2( j ) ) J j P( = 4D2(x]-,t]-)e

(C.17)
The latter equation can, then, be written by taking the continuous limit as,

X t
po(x, 1) = /DX exp (/dsS (xs,xs)) , (C.18)
to

X0
where we introduced the generalized Onsager-Machlup functional, i.e. the stochastic action,

Xt — D1(xt,t)]2

N
S (x1, %) = 4Dy (xt,t)

(C.19)

The form of S (x;, x¢), however, is not unique. A class of statistically equivalent forms can be
derived by rearranging the coordinates and derivatives in Egs. (C.13) and (C.14). A more rig-
orous analysis is presented in [CJ06]. For our purpose we reformulate Eq. (C.14) by keeping
the replacement of x and x¢ in the drift coefficient, whereas the diffusion coefficient remains
unchanged. Thus, we obtain,

Pe(x,t) = (1 —09x D1 (x0,t) €+ 95 Ds (x,t) €) 6 (x — xq)
=06 (x—x0) — D1 (x0,t) €8 (x — xp) (C.20)
+ 0y (D3 (x,t) 8 (x —x0) + Dy (x, ) &' (x —x0)) €,
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C.2 Onsager-Machlup functional for space dependent diffusion

where the prime is a short notation for the partial derivative with respect to space. After evaluat-
ing the first derivative in the diffusion term we replace x by xo and perform the second derivative
afterwards. Hence, we obtain the statically equivalent formulation of Eq. (C.15) as,

Pe(x,t) = % /du exp (iu (x —x0)) [1—iu (D1 (xo,t) — D (x0,t)) € — u” D3 (x0,t) €] con

~ % / du exp [iu (x — xg) —iu (Dy (xo,t) — Dy (xo,t)) € — 12 Ds (x0, 1) .

Finally, by evaluation of the Fourier integral, a statistically equivalent propagator of a general
Fokker-Planck equation for small time steps, €, is given by,

- - 1 _[x—x0— (D1 (x0,t) — D5 (xo,t)) e]?
Pe(% t) B 47TD2(X0, t)e P ( 4D2<X0, t)é‘ ) ) (C.22)

Accordingly, the continuous limit results in the modified, but equivalent stochastic action func-
tional,

~ [t (Dy(xt) — Db (x, 1))
S (xt, %) = . 4Dy (x4, t)z )

It is remarkable, that the latter Onsager-Machlup functional (C.23) merely has a modified drift,
whereas the path discretization and, hence, the increment DX remain unchanged. The form in
Eq. (C.23) of the stochastic action is appropriate for our purposes and, thus, used in the present
thesis. The here proposed derivation is heuristic in so far as we used some degree of freedom
how to interpret the é-functions in Egs. (C.20) and (C.21). A rigorous treatment can be found in
the paper of Grabert and Green [GG79].

(C.23)
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