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Work, moments of work, and heat flux are studied for the generic case of a strongly driven two-level system
immersed in a bosonic heat bath in domains of parameter space where perturbative treatments fail. This includes
in particular the interplay between non-Markovian dynamics and moderate to strong external driving. Exact data
are compared with predictions from weak-coupling approaches. Further, the role of system-bath correlations in
the initial thermal state and their impact on the heat flux are addressed. The relevance of these results for current

experimental activities on solid-state devices is discussed.
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I. INTRODUCTION

The past few years have seen a rapidly growing interest
in the thermodynamic properties of small systems, in which
fluctuations are essential and provide deeper insight into
the changeover from microscopic to macroscopic behavior.
Accordingly, concepts well-established in classical systems,
such as work and heat, require a careful analysis for quantum
mechanical aggregates [1-4]. The same is true for fluctuation
relations such as the Jarzynski [5] or the Crooks [6] relation,
which on the macro level provide powerful tools to analyze
situations far from equilibrium, e.g., in biological and soft
matter structures [7]. Thus, on the micro level, a number
of possible realizations, including atomic systems [8,9] and
mesoscopic solid-state devices [10], have been put forward
to access signatures of quantum thermodynamics [11,12],
and specific experiments are currently in preparation. Theory
is now challenged to provide tools and methodologies to
understand actual realizations.

The problems encountered by theory are related basically to
two issues, namely the quantum measurement problem [13,14]
and the problem of describing dissipative quantum systems
at very low temperature and in the presence also of strong
external time-dependent fields. This is a regime where one
expects, particularly for pulsed fields, a subtle interplay of
non-Markovian dynamics and driving. With respect to the
first topic, the two-measurement protocol has been shown to
provide, at least formally, a consistent basis for the detection
of work and its moments [13]. Since work is not a decent
quantum-mechanical observable [15], it can only be defined
“operationally” as the difference of eigenenergies before
and after an external drive weighted by the thermal initial
distribution and driving-dependent transition probabilities.
While this recipe can, at least in principle, be implemented
in an actual experiment for isolated systems, the situation for
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open (dissipative) systems is more intricate. Energy projective
measurements of the full compound, including the environ-
mental degrees of freedom, are not feasible, particularly
when system degrees of freedom are strongly correlated or
even entangled with those of thermal reservoirs. A prominent
example that received much attention recently are reservoirs
with sub-Ohmic mode distribution [16-18].

For the second topic, conventional approaches to capture the
reduced dynamics of dissipative quantum systems comprise
powerful methods such as master or Lindblad equations.
However, these treatments are restricted to the domains of
sufficiently weak system-bath interaction, sufficiently elevated
temperatures (Markovian dynamics), and sufficiently weak
driving (see, e.g., [19]). Beyond those domains, corresponding
predictions become unreliable and nonperturbative formu-
lations must be applied [20], for example path integral
Monte Carlo techniques, density-matrix renormalization, or
stochastic Liouville—-von Neumann equations. Interestingly,
at least to our knowledge, detailed studies for work, its
moments, and heat flux between a system of interest and
thermal reservoirs in the presence of moderate to strong driving
(with respect to amplitude and driving frequency) and for low
temperatures have not been performed yet. Here, we present
results to close this gap by providing benchmark data for the
generic case of a dissipative two-level system (cf. Fig. 1). Exact
numerical simulations within the recently developed stochastic
Liouville-von Neumann scheme (SLN) [21,22] are compared
to perturbative ones obtained within a simple Lindblad type of
master equation and a quantum jump treatment [2]. Analytical
calculations allow for a qualitative and in certain cases also
quantitative understanding of the driven quantum dynamics.
In addition, the SLN gives access to the impact of correlations
between system and bath in thermal equilibrium. Namely,
when one starts from an initially factorized state between
system and reservoir, which is the typical assumption in
weak-coupling treatments, a heat flux associated with these
correlations is induced [18]. We will apply two different
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FIG. 1. (Color online) A two-level system is immersed in a
bosonic heat bath and subject to an external time-dependent field
over a finite period of time. The work exerted onto the compound
leads partially to a change of internal energy and partially to heat flux
into the bath. Intricate correlations between non-Markovian dynamics
and stronger driving necessitate a nonperturbative treatment at very
low temperatures.

protocols to extract the work, both of which are based on the
two-measurement scheme but on different experimental real-
izations: One monitors the dynamics of a system observable
(power operator), while the other monitors the energy transfer
with the reservoir (photon emission/absorption processes).

The paper is organized as follows. After a discussion of the
model, we give a brief account of the three methods to treat
open-system dynamics employed here (Sec. II). The first and
the second moment of work are the subject of Sec. III, where
we also present analytical findings. In Sec. IV, the heat flux is
obtained within the exact SLN scheme, including the role of
initial correlations. The latter are further addressed in Sec. V,
and we conclude and give prospects for future developments
in Sec. VL.

II. QUANTUM DYNAMICS

We consider a two-level system (TLS) subject to a time-
dependent driving force, i.e.,

hA
Hs(t) = Hy + Hp(t) = — 5 O + A@) o, (D
where
At) = Ao sin[Q(t — 1;)] Oi¢(1) (2

has a finite range with ®;¢(t) =1 for ¢ € [#;,17] and zero
elsewhere.

The TLS is immersed in a bosonic bath (spin-boson
model [20]) with Hamiltonian Hg = ), ha)kb,ibk, cf. Fig. 1,
so that the Hamiltonian of the full compound has the standard
form H(t) = Hs(t) + H; + Hi with H; = 0,&, where £ =
> ck(b,t + by) is the bath force. In the continuum limit, the
effective impact of the bath onto the system is then fully
described by the spectral density of its modes J(w) and its
thermal energy kg7 = 1/B. In the remainder of this work,
we focus on an Ohmic reservoir with large cutoff frequency
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we, 1.€.,
J(w) = hno f(o/w.), 3

where 7 is a dimensionless coupling constant and f.(x) is a
cutoff function with f(x =0) =1, f.(x > 1) — 0. Here, we
choose f.(x)=1/(1 + x%)2, but the results shown below are
not very sensitive to the specific form of the cutoff function
due to w. > A,Q.

Now, given an initial density operator YW(0) of the full
compound, the reduced dynamics is determined by

p(1) = Teg{U 1,00 WO)U (£,0)'}, “

with the time evolution operator U,0) =
’Texp[—% fol ds H(s)] and the trace performed over the
environmental degrees of freedom only. At low temperatures,
the dynamics of driven open quantum systems is a challenging
task since bath-induced memory effects (non-Markovian
dynamics) are intermingled with driving-induced transitions.
Memory effects appear on the time scale max{%3,1/w.},
which in the regime w.hf > 1, as considered here, grows
with decreasing temperature. In the case of periodic driving,
the reduced system will approach a nonequilibrium steady
state for longer times and displays transient behavior initially.
In the context of work, one often addresses only this latter
time domain as external fields appear in the form of pulses
that are relatively short compared to time scales where the
dynamics becomes stationary. Nonperturbative treatments
are thus of paramount importance to arrive at quantitatively
reliable predictions. Here, we compare a numerically exact
formulation, the Stochastic Liouville—Von Neumann equation
(SLN), with two approximate approaches, namely the
Lindblad master equation (LME) and the quantum jump
method (QJ).

A. Stochastic Liouville~von Neumann equation

The SLN can be directly derived from the exact Feynman-
Vernon path integral formulation [20] for the reduced density
operator (4). An unraveling procedure then leads to the
SLN [21,23], which for the driven spin-boson model acquires
the form

p2(t) = = [Hs(0).pz] + 6 Olo.pz] + 3v(1){0z.p2).

&)
This equation holds for a single noise realization Z = {§,v},
whereas the physical reduced density p(¢) is gained by
averaging over a sufficiently large number of noise real-
izations, i.e., p(t) = E[pz(¢t)]. While (5) is local in time,
the full non-Markovian dynamics is nevertheless captured in
p(t). The correlation functions of the two complex-valued
noise forces £(¢) and v(¢) reproduce the complex-valued and
nonlocal in time force autocorrelation function of the bath.
Since effectively the noise forces appear as driving forces, an
additional external driving is easily taken into account in (5)
for arbitrary driving strengths and driving frequencies.

The initial state upon which this SLN is based is a
factorizing state W(0) = p(0) ® exp(—BHg)/Zr with the
initial density p(0) of the TLS and the partition function Zg
of the reservoir. This allows for a direct comparison with the
approximate formulations for which this initial state is always

224303-2



WORK AND HEAT FOR TWO-LEVEL SYSTEMS IN ...

taken for granted. However, the impact of correlated initial
states can be explored as well within the SLN, as will be
discussed below.

B. Lindblad master equation

A very powerful instrument to simulate the dynamics of
open quantum systems are LMEs. While originally formulated
within the mathematical theory of semigroups, LMEs can be
derived from system-+reservoir models by employing Born-
Markov perturbation theory together with a coarse-graining
procedure in time; see, e.g., [19,24]. For driven systems, one
has to impose weak driving (small amplitude and/or slow
driving).

For the system under consideration (1), one has

. 1
p= —%[Hs(t),,O] +3° (Lkal - %{Lsz,p}) (6)
k=0
with Lindblad operators Lo = ,/y.1/0)(1| and L;=
J/71.011){0], where |0),|1) are the eigenstates of Hy with values
FhA /2, respectively.
The transition rates y,; take the usual form

Vo1 = 3 ALL+coth(ARB/D], 710 = yoae 4 (7)

with coupling constant 7 as in (3). This, and extended schemes
working, e.g., in a Floquet representation, have been recently
applied in the context of work and its distribution for open
quantum systems [25-28].

C. Quantum jump method

The QJ has been pioneered in quantum optics to describe
emission and absorption processes of single photons by few-
level systems (atoms) [29]. In more general terms, the method
exploits the probabilistic nature of the quantum-mechanical
time evolution by constructing the dynamics |y (¢)) — | (t +
At)) over a time interval Af according to sequences of jumps
between energy levels with transition probabilities determined
by the corresponding Hamiltonian [24,30]. Practically, one
uses a Monte Carlo procedure to sample individual jump
trajectories, and expectation values are obtained by averaging
over a sufficiently large number of realizations.

This method has recently been formulated to obtain the
work of a driven TLS interacting with bosonic baths [2]. In
this context, one works with a system-bath coupling in the
rotating-wave approximation, i.e.,

HYA =3 (e bioy + ¢ bjo-), ®
k

with spin raising/lowering operators o+ = o, £ io,. Accord-
ingly, the system-bath interaction captures the exchange of
on-shell photons, which can be easily recorded numerically
to obtain the heat transfer from/into the bath during the time
evolution. The corresponding absorption/emission rates of the
TLS are obtained from a Born-Markov treatment, cf. (7). The
change in system energy is monitored by recording the last
photon exchange before and the first after the drive, which
implies two times projective measurements, as shown in [2].
This then allows us to extract very effectively the work and

PHYSICAL REVIEW B 91, 224303 (2015)

its distribution for an open few-level quantum system [2]. As
an approximate method, this QJ applies for weak system-bath
couplings and weak driving similar to the LME. In fact, one
can prove that formally the QJ approach leads to the LME.
Below, we will use the LME and the QJ to obtain the
work according to two different schemes that correspond to
two different experimental situations: The LME describes the
dynamics of a system observable, the power operator, while
the QJ monitors the energy exchange with the reservoir, i.e.,
photon emission/absorption processes. Thus, both methods
provide identical results in the regime, where these schemes
are expected to be reliable, but they may differ beyond that.

III. MOMENTS OF WORK

Since work itself is not a proper quantum observable,
the calculation of its moments must be performed with
care [13]. A consistent formulation has been provided by the
two-measurement protocol (TMP) [15], which even allows us
to retrieve the full distribution of work [12,13]. According to
this scheme, the probability to measure energy E; attimet = ¢;
and E, at time ¢/ is given by

P[E;E;] = Tt{Ilg, U(t,0) [T;,W(0) TTg, UT(2,0) g, },

©))
where [1g,,, = |E;/r)(E;/s| are projection operators on energy
eigenstates at t+ =1; and t =1y, respectively. The work
distribution then follows from p(W) = ) E.E; S[W —(Ef —
E)|P[Es,E;]. One can easily show [3,31] that the first
two moments of work derived from this distribution can be
expressed in terms of the power operator [3],

Py = — = —2 A1), (10)

as

(W), = /0 ds(Pl(s).
(W2), = /[ds /[du (Py/ () Py (w)
0 0

=2/ ds /Sdu Re{(Pf ()P )} (11
0 0

if expectation values are taken with respect to
> g 1E W(0) I1g,. Here, P‘f} (t) denotes the Heisenberg
operator to Py . These expressions are particularly convenient
for quantum open systems for which a diagonalization of the
full Hamiltonian is out of reach. Instead, one has to calculate
time-dependent moments of system observables, which can
be achieved based on the methods described above for the
reduced density operator with properly chosen initial states.
In principle, higher moments can be calculated as well,
however the corresponding results are not consistent with
those obtained within the two-measurement protocol; see,
e.g., [31].

In the context of work, the initial state is typically a
thermal state. According to weak-coupling approaches such
as LME and QJ, one writes W(0) = p(0) @ e #Hx /Z with
p(0) = e PHs©) /7 and where Z o are the partition functions
of the bare system and bath, respectively. This initial density is
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diagonal in the basis of factorized energy eigenstates of system
and bath. In the case of a TLS, one has

1 RA, hA
p(0) = Z—(eT“|0><0| +e 2 I)(1)) (12)
0

with Zy = 2cosh(#), and |0),|1) are eigenstates of Hjy with
eigenvalues FFhAA /2, respectively.

However, for any finite coupling, the true thermal state is a
correlated state of the TLS and the bath, i.e., Wp = e BHO) /Z,
and the corresponding reduced distribution pg = Trg{WWs} is
not of Gibbs form [18,32]. Accordingly, in actual experiments
the true initial state may be only of the form (12) for extremely
weak coupling, an issue that will be addressed in more detail
below.

For the simulations performed in the sequel, we use natural
units, i.e., A=1, h=1, and m = 1, we restrict ourselves
to the resonant situation Q = A, and we consider Ay > 0.
The bath cutoff is taken as w, = 10 for the SLN simulations.
Further, for the drive we sett; = O and t; = 3 if not indicated
otherwise.

A. First moment

According to (1) and (11), we start with

(W) =f0 ds A(s){o.(s)) 13)

and analyze its dependence on driving strength and tempera-
ture. Apart from numerical data, transparent analytical expres-
sions are available for negligible system-bath interaction.

1. Numerical results

Figure 2 displays data for all three approaches with data
points of the QJ only included for multiples of 7 for clarity.
For comparison, data of the bare TLS (i.e., without a bath)
with a thermal initial state (12) are shown as well. In this latter
case, all approaches, i.e., SLN, LME, and QJ, provide identical
results, of course.

For finite but weak system-bath coupling and in the regime
of weak driving (A9 = 0.1, upper panel), the work is an
increasing function of time, and the approximate methods
LME and QJ reproduce the exact SLN data quite accurately
even at low temperatures, § = 5. As expected, LME and QJ
produce identical data within statistical errors. Apparently,
(W (1)) is smaller for higher temperatures since then initially
the population difference between the two eigenstates is
smaller compared to the low-temperature situation. Further, a
finite system-bath coupling reduces the work compared to the
bare dynamics since heat is transferred to the reservoir as well.

The situation is substantially different for stronger driving.
For Ao = 1, the work for finite system-bath coupling is, after
an initial transient, always positive and always exceeds that of
the bare system. The approximate approaches provide these
features qualitatively; however, quantitatively they differ quite
substantially from the exact results. We note that an extended
scheme for time-dependent driving with the LME [25-28]
and slow driving with the QJ [33] have been developed
recently, which account for the influence of the driving onto
the dissipator in a more elaborate way, e.g., using the Floquet
formalism. Instead, the SLN applies to arbitrary pulse forms

PHYSICAL REVIEW B 91, 224303 (2015)

7u0=0.1
0.2 [—sinpt
— — SLNB=5 *
—— LME =1 I, .
— = LMEB=5 /
0.15 no bath(B=1) /ll
no bath(B=5) /—_:/
e + Q=1 7, ”
= 0.1 * QIp=s l/ o
. . ’
\g/ QO QI nobath(B=1) /f
0.05
0
0 b 2n 3n

(W)

(W(0)

t

FIG. 2. (Color online) Work according to the SLN (blue), the QJ
(markers), and the LME (red) approach for various driving amplitudes
Ao and inverse thermal energies 8 in natural units. All data are for
the same coupling strength n = 0.05, and the driving force acts in
the time interval [0,37]. Shown also are data in the absence of a
dissipative bath (green) with an initial thermal state at 8 = 1 (solid)
as well as 8 = 5 (dashed).

and driving strengths, particularly to those obtained from
optimal control schemes [22]. For even stronger driving,
Ao = 4, the dynamics tends to be dominated by the system
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dynamics with the impact of the bath playing only a minor
role. Accordingly, the agreement between the three numerical
methods improves again. We note that due to the different
quantities on which their work calculation is based, LME and
QJ predictions differ mostly in the regime where the driving
amplitude, driving frequency, and system energies are of the
same order of magnitude. This domain is beyond their range
of validity, and they thus produce uncontrolled errors.

2. Analytic results

For weak driving and at or close to resonance A = €2, one
more conveniently starts from the rotated TLS in a rotating-
wave approximation so that

/ / hA oo iQt
Hg(t) =~ Hpya(t) = TO'Z + l?(e o +eoo). (14)

Then, assuming negligible system-bath interaction, a simple
calculation provides an explicit expression for (o,(¢)). The
result for the work according to (13) becomes particularly
transparent at times t = Nz, N = 1,2,3,.. .,

by 32
(Win NJTA0><1 B ’\o_ > (15)
h$2 2 4-13
with Lo = Ao/hS2, and P, is the initial population of the ground
state |0) according to (12). This result describes the numerical
data for the bare dynamics quite accurately. One observes that
the work exerted onto the TLS is for weak driving only limited
by the initial ground-state population and depends sinusoidally
on driving period and strength.

In the opposite regime of very strong driving, a perturbative
treatment starts from (1) with # = 0 for convenience, i.e.,
Hg(t) = —(hA /2)0o, + Ao sin(Q2t)o,. For A9 > hA, transi-
tions between diabatic states (eigenstates of o) only occur
close to Qt = km, k = 1,2,3, ..., and the drive sweeps very
fast (with velocity 1¢€2) through the Landau-Zener region.
Hence, a dressed tunneling picture applies with a polaron-
transformed Hamiltonian

~ (2P, — 1)sin® (

- hA . .
Hy(t) = 7[e"ﬂ%+ + e ¥0g 7, (16)

where ¢(t) = —Agcos(Q). The exponential e 0 =
3 (=) Ju(Ro)e ™ is dominated by the time-independent
part for n =0 so that we arrive at Hrwa = %ox with a
dressed tunneling amplitude Ay = A Jy(A). This then implies

fort = Nm, N =1,2,3,...,

(Wn _Podo(ho) cos(27r N) sin[277 N Jo(ho)]-
hQ2 1 — Jo(ho)?
a7
While due to missing higher harmonics this prediction for
the work cannot be used for a quantitative comparison
with the numerical data, it provides at least a qualitatively
correct description with the correct order of magnitude of
the oscillatory features. In the limit of very strong driving,
the maximal work becomes for fixed N <« \/)_T , and with
Jo(|x]) & «/2/m x| cos(|x| — %) for |x| > 1, independent of
the driving amplitude, such that

[(W)n
h&2

=P, — 1)

< (2P, — 14AN. (18)
To>1

PHYSICAL REVIEW B 91, 224303 (2015)

This feature directly reflects the energy saturation in a TLS.
For long driving times N 2> /Ao >> 1, the work oscillates with

an amplitude of order (2P, — 1)/ X0, as also seen in the lower
panel of Fig. 2.

B. Second moment

Along the lines of (11), we have for the second moment

(W3(t)) =2 /O ds fo Sdui(s>i(u>Re{<az(s)az<u)>}, (19)

which includes the time-ordered two-time correlator

(02(5)0. () = Tr{o U (s,1)o: W)U (s,1)}. (20)

1. Numerical results

The o, correlator is an interesting dynamical quantity in
itself, as illustrated in Fig. 3. For increasing driving strength,
pronounced patterns with increasing fine structure reveal the
underlying Floquet modes of the dynamics also at finite
dissipation. For the strongest driving, Ao = 4, the real part
of the two-time correlator, Re{(o,(s)o, (1))}, which enters the
expression (19), is always positive.

Data for the corresponding (W?(¢)) are depicted in Fig. 4.
For weak driving, Ag = 0.1, one observes a nearly monotonic
behavior with superposed weak oscillations. Exact results are
accurately reproduced by both LME and QJ. For stronger driv-
ing, deviations from the SLN results become more prominent,
as do deviations between LME and QJ data. The tendency
that dissipation reduces work fluctuations changes for stronger

FIG. 3. (Color online) Contour plots of the real part of the two-
time correlator (o,(t)o,(t')) for different driving amplitudes. Due
to symmetry, only the domain ¢ > ¢’ is shown. Upper left, 1o = 0;
upper right, 1o = 0.1; lower left, Ao = 1; and lower right, 1y = 4.
Other parameters are as in Fig. 2. Color scale goes from red (+1) to
blue (—1), with green indicating zero.
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7»0 =0.1
0.2 [—siNp=t g
— — SLNB=5
—— LME B=1
— — LMEB=5
0.15 no bath(B=1)
+ QIp=l
. #* QIpB=5
I ¢ QJ.nobath(p=1)
= 0.1
0.05
[ ‘
0 T 2n 3n
t
7‘0 =1
2 -

25¢

20¢

15¢

(W2

10¢

FIG. 4. (Color online) (W?2(t)) according to the SLN (blue), the
QJ (markers), and the LME (red) approach for various driving
amplitudes X and inverse thermal energies 8 in natural units. Data
in the absence of a dissipative medium with an initial thermal state at
B = 1 are also shown. Other parameters are as in Fig. 2.

driving (A9 = 1), where fluctuations for finite dissipation are
bounded from below from those in the absence of a heat bath.
As the driving becomes again the dominant feature, work
fluctuations display oscillatory behavior. Further, at least for
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weak to moderate driving, one has (W2(1)) ~ X%, adependence
verified by analytical results presented in the next section.

2. Analytic results

In the weak driving case, one proceeds as described in
Sec. III A 2 and obtains

(W2)y

(hQ2)?

The fluctuations around the mean value are thus independent

of the initial population and limited by the level splitting of the

TLS. This result is in accurate agreement with the numerical

data with a quadratic dependence on the driving amplitude as
long as N1y < 1.

Likewise, for strong driving, we arrive with (o, (s)o,(u)) ~
cos[Ap(s — u)] at

(W)
(h<2)?

= sin’(Nmio/2). 1)

_ 2)—\’2 JO()_"O)Z

J— — N 2
g (- (DY eosNT Rl

(22)
which follows a quadratic dependence on the driving amplitude
as long as it is not extremely large. In this latter case, for fixed

N L \/)_To and in leading order, we have
(W?)n
(hQ2)?

(23)

N?cos*(Ro — §), Neven,
fos1 | 22 cos?(Ro — T), N odd.

Hence, at odd multiples of half a Rabi cycle, fluctuations grow
with the driving amplitude, while at multiples of full cycles
they grow with the total driving time. Numerical data at a
moderate driving amplitude, 1o = 4, depicted in Fig. 4, are
well described by the full time-dependent (W?), fort < 37/2,
and they are thus in agreement with (23) for N < 2. For larger
times, exact fluctuations further increase with superposed
oscillations of order Xg.

IV. HEAT FLUX

The heat flux between system and reservoir is an important
measure that, together with the change in system energy, allows
us to determine the work. In fact, current experimental activ-
ities in solid-state devices exploiting fast thermometry aim at
exactly this [34,35]. Within the system+reservoir model, one
derives an explicit expression based on % (H SH N+ H IH )+
HY(t)) = 0(HH (1)) /01, with the superscript H denoting the
corresponding Heisenberg operators. Treating then the terms
on the left-hand side separately, one obtains the first law of
thermodynamics, i.e.,

t H
(W), = / du<m>
0 u

= AE(t)+%/ du([Hy' (), HW)]) 24
0

with AE(t) = (H;H(t)) — (Hy(0)). Here, we took into account
that Hp(0) = 0 and [Hp,H;] = 0 [cf. (1)]. The integrand in
the last part is the heat flux jo(¢), and its time integral is the
total heat Q(¢) exchanged during the time interval 7.

Now, the SLN dynamics respect the first law as well, of
course. Accordingly, one easily derives from (5) an equation

224303-6



WORK AND HEAT FOR TWO-LEVEL SYSTEMS IN ...
0.1

'\

€ 0 ‘T-v’A-QWFﬂFJ.ﬁ.zf‘? R 22
(@ } centeig e
T
—0.1 0
T t 27 3n
0.2¢ - — =0
SR A, =0.1
= oryy e 2=1
e A\ A4
— 0 F ﬁ-’,...y- 2 s 3 e 5.4—?.-‘».! T’-,P,-T..{ Lt Tt
B P ——
0 T 21 3n
t

FIG. 5. (Color online) Heat flux j, for different driving am-
plitudes and for B =1 (top) and B =35 (bottom) for an initially
factorizing state. Other parameters are as in Fig. 2.

ford(H _{" (1)) /dt that, when integrated over time and compared
with (24), provides an explicit expression for the heat flux in
terms of the SLN formulation, namely,

Jo() = —AE[E(1)(ay(1))]. (25)

Note that this line of reasoning only applies on the level of
expectation values averaged over noise realizations, not on the
operator level. In (24), the operator of the heat flux acts in full
Hilbert space, (i /R)[HI (u), H (u)] = — Ao, &€, with the bath
force operator £ as introduced below (2). In contrast, in (25) the
noise force £() is a complex-valued number that for a single
realization has no physical meaning. Anyway, based on (25),
it is now straightforward to gain within the SLN approach
numerically exact data for jo and Q.!

Figure 5 shows the heat flux jo for different driving
amplitudes and two different bath temperatures. A striking
feature is the peak in the heat flux at early times, which
is present even if there is no driving at all (cf. [18]). We
attribute it to the factorizing initial condition (12): The
dynamics according to the full Hamiltonian immediately tends
to correlate the bath and the system, which in turn is related
to heat exchange. This initial heat transfer grows at lower
temperatures and then becomes even larger in amplitude as
the heat flux due to an external drive. More details will be
addressed in the next section. Apart from that, for stronger
driving, the heat flow starts to oscillate and may even revert its
direction. Note that in the time interval displayed in Fig. 5, a
stationary state with a strict periodic time dependence has not
approached yet.

Based on the heat flow, one can also calculate the heat as
depicted in Fig. 6. There, the heat related to the initial peak in

'In the weak-coupling regime, analytical expressions for the heat
exchange have recently been derived in [40].
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FIG. 6. (Color online) As in Fig. 5 but for the heat Q. The heat
flux arising from the factorizing initial conditions (initial peak in
Fig. 5) has been subtracted; see text for details.

the heat flux is subtracted for better comparison. For a given
set of parameters, the net heat transferred to the bath (Q < 0)
seems to saturate with further increasing driving amplitude.
Namely, according to Q = (W) — AE, the exchanged heat is
limited by the maximal change in internal energy |[AE| < Agh
and the maximal work specified for strong driving in (17). For
Xo > 1, one thus has |Q|/AQ < (2P; — 1)4N independent of
the driving amplitude.

V. FACTORIZING INITIAL CONDITIONS

As already indicated above, the results obtained so far
within the SLN and the approximate approaches LME and
QJ are obtained from a factorizing initial state

—BHg

e
W) =p0)® Zn

(26)

with a quasithermalized state p(0) = e ##5©/Z, in (12).
This is not the true correlated thermal equilibrium state that
the dynamics approaches asymptotically in the absence of
driving. As we have already seen in Fig. 5, and as has
also been discussed recently [18], the full dynamics thus
induces an initial heat flux, even without driving, to establish
proper system-bath correlations. Apparently, this happens at
a first stage on relatively short time scales. Accordingly, as
seen in Fig. 7, the fully thermalized expectation value (o)
differs substantially from the quasithermalized one |(oy)g 0| =
(hA /2)tanh(ARB/2) even for rather weak coupling. Now,
in an actual experiment, the state of the compound is typ-
ically a correlated thermal equilibrium pg = Tr{e ##©/Z}.
The preparation according to the TMP then provides initial
densities projected onto system eigenstates |k) of the form
p(0) = >, Tref|k)(k|e #7©/Z}. The initial state specified
in (12) describes this state only in the case of extremely
weak system-bath interaction.While the SLN as it has been
formulated in (5) assumes a factorizing state initially, it
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FIG. 7. (Color online) Thermalization of (o,) according to the
SLN starting from an initially factorizing state (26) with p(0) as
in (12) in the absence of external driving: § = 1 (left) and 8 =
5 (right). For comparison, the bare thermal expectation values are
depicted as well (dashed, red). Other parameters are as in Fig. 2.

describes the full equilibration process. This is not the case for
the approximate formulations, which assume W(t) = p(¢) ®
e PHr /7 » for all times. This causes several questions, such
as the following: How reliable are these approximate methods
to predict the work from monitoring the change in internal
energy and the exchanged heat? As we have seen above, the

A delayed
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FIG. 8. (Color online) Heat flux (top two panels) and work
(bottom) without (dotted, blue) and with (solid, green) delayed driving
for B = 1,Ao = 1. Top: propagation starts from a factorizing initial
state with driving acting within [—0.6,27] (no delay) and within
[0,27] (with delay). Middle: driving within [0,27] starting from a
factorizing initial state (dotted, blue) and a correlated initial state
(solid, green). Bottom: work for factorizing an initial state with the
initial heat pulse subtracted (dotted, blue) and for a correlated initial
state (solid, green).
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FIG. 9. (Color online) Work and heat flux with delayed driving
for B = 1,1y = 1 and various coupling parameters.

heat associated with initial correlations is of the same order
of magnitude as the heat exchange due to driving, meaning
that assuming factorized initial states may completely spoil
theoretical predictions. Another question then is as follows: Is
it possible to separate the time scale on which correlations are
established from those on which driving-related phenomena
occur? According to Figs. 8 and 9, it seems that at least for
weak to moderate driving, this separation really exists so that
one may write Q = Qcorr + O p, Where Qo is the heat due to
missing initial correlations, and Q) is the heat due to driving.
Predictions for work and heat based on approximate methods
may thus be quantitatively correct for weak driving and weak
system-bath coupling if a constant bias, unknown in these
approaches, is subtracted. However, as one observes in Fig. 9,
this no longer applies in the deep quantum regime and for
stronger friction, where the relevant time scales tend to overlap.
In these situations, a nonperturbative method such as the SLN
is mandatory: One first evolves the system for some time in the
absence of driving, starting from a factorizing state until equili-
bration sets in. Then, this correlated state is properly projected
onto system eigenstates, and its dynamics in the presence of the
drive is monitored. Further details will be discussed elsewhere.

VI. DISCUSSION

Based on an exact approach to simulate non-Markovian
open quantum dynamics, we study a two-level system far
from thermal equilibrium in the context of work and heat
production. To do so, the equivalence of the TMP and the
formulation of work in terms of the power operator with
properly defined initial states for the first two moment of work
is exploited. These results are compared to those obtained with
perturbative methods that rely on weak system-bath coupling
and Markovian dynamics, and they are restricted by the
rotating-wave approximation. While these latter formulations
may at least qualitatively reproduce exact results, sometimes
even beyond the strict limits of their applicability, they do fail
for other sets of parameters where non-Markovian dynamics
and driving are strongly correlated. Therefore, an exact treat-
ment of open-system dynamics is necessary, which we provide

224303-8



WORK AND HEAT FOR TWO-LEVEL SYSTEMS IN ...

here. This approach also allows us to retrieve the heat flux and
the corresponding heat while the system is driven. It turns out
that the heat exchange between the system and its environment
depends substantially on the initial state, at least on a transient
time scale. This makes a comparison with experimental data
challenging when the associated heat is not known.

While in quantum optical setups one typically works in
domains where the system-bath couplings are very weak,
this is not always the case for solid-state circuits. Further,
in the context of superconducting devices, strong driving
with external microwaves has become an interesting field on
its own [36-39]. For future experimental realizations in this
direction, predictions of nonperturbative phenomena may thus
become very important. While work can be obtained according
to the TMP, an alternative procedure is to monitor the change
in internal energy and the heat flux. Current experimental
developments using ultrasensitive thermometry in the MHz
range follow exactly this strategy [34,35]. This may pave the
way for a new field to analyze system-bath correlations and

PHYSICAL REVIEW B 91, 224303 (2015)

even implement well-controlled heat engines. The theoretical
framework we applied here also provides the starting point to
capture these settings.
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