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Response theory for nonequilibrium steady states of open quantum systems
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We introduce a response theory for open quantum systems within nonequilibrium steady states subject to
a Hamiltonian perturbation. Working in the weak system-bath coupling regime, our results are derived within
the Lindblad-Gorini-Kossakowski-Sudarshan formalism. We find that the response of the system to a small
perturbation is not simply related to a correlation function within the system, unlike traditional linear response
theory in closed systems or expectations from the fluctuation-dissipation theorem. In limiting cases, when the
perturbation is small relative to the coupling to the surroundings or when it does not lead to a change of the
eigenstructure of the system, a perturbative expansion exists where the response function is related to a sum
of a system correlation functions and additional forces induced by the surroundings. Away from these limiting
regimes, however, the secular approximation results in a singular response that cannot be captured within the
traditional approach but can be described by reverting to a microscopic Hamiltonian description. These findings
are illustrated by explicit calculations in coupled qubits and anharmonic oscillators in contact with bosonic baths

at different temperatures.
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I. INTRODUCTION

Response theory provides a means of characterizing the
dynamical behavior of systems subject to small perturba-
tions. For physical systems obeying detailed balance, the
fluctuation-dissipation theorem relates a system’s response to
the underlying microscopic correlations [1]. Such fluctuation-
response relations form the basis of molecular spectroscopy
[2-4] and are encoded in properties like the conductivi-
ties of transport devices and sensitivities of sensors [5-7].
For open quantum systems, connections between response
and molecular degrees of freedom are generally unknown in
instances away from thermal equilibrium. Given the ubiqui-
tous presence of open quantum systems, it is desirable to
uncover such relations. Here we work within the Lindblad-
Gorini-Kossakowski-Sudarshan (LGKS) description of an
open quantum system and develop a response theory for dy-
namic perturbations [8—10]. We find that it is not typically
possible to write the response function as a simple corre-
lation function within the system due to the weak-coupling
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approximation and the reduced description of the LGKS for-
malism. Nevertheless, we are able to find practical general
routes to response functions and identify special cases where
Dyson-like expansions of the propagator still exist, resulting
in generalized fluctuation-dissipation relations.

In the linear response regime for systems obeying de-
tailed balance, response theory has revealed the fluctuation-
dissipation theorems that establish a relation between a
system’s response to a small perturbation and a time correla-
tion function of certain observables evaluated at equilibrium.
For a closed quantum system that follows a unitary dynamics,
the linear response function of an observable A to a weak per-
turbation §(#)V (¢) is given by the well-known Kubo formula
(11]

d{A(t)) i

Palt —1) = B0 R (V(@), A0, ey
where V is the perturbation operator added to the original
Hamiltonian, S(I) is a small time-dependent parameter, and
i is Planck’s constant. The brackets (... ) denote the average
over the stationary distribution of the original Hamiltonian.
Kubo’s result has a classical analog uncovered originally by
Callen and Welton [12] and has been extended to stochastic
nonequilibrium steady states (NESSs) [13—-16] and nonlinear
response [17-20]. Recent work has also established relation-
ships between these results and the entropy production within
stochastic thermodynamics [21].

To extend these results to quantum systems that continu-
ously interact with their environment, either the environment
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FIG. 1. Illustration of the perturbations with nonequilibrium
steady states of open quantum systems considered.

needs to be considered explicitly or a suitable reduced descrip-
tion found. While the former are well suited to accounting for
instances of strong system-bath coupling [22-26], describing
nonequilibrium steady states in such formalisms is cumber-
some, as the composite system plus environment represents a
closed system incapable of dissipating energy. If the couplings
between the system and environment can be assumed to be
weak, a reduced description using the LGKS master equation
is appropriate, and a linear response theory can be formu-
lated in the reduced Liouville space [27-33]. However, studies
along these lines have thus far been largely phenomenological.

In this work we introduce a response theory for open quan-
tum systems within the LGKS formalism that is consistent
with an underlying Hamiltonian description of the full sys-
tem, subsystem plus environment. In particular, we study the
response of an open quantum system at equilibrium or NESS
to a small Hamiltonian perturbation. The initial NESS of the
system corresponds to a steady state of a system interacting
with multiple baths. The system, which remains in contact
with the baths at all times, is then subject to a stationary Her-
mitian perturbation that drives it away from its initial steady
state, as illustrated in Fig. 1.

We find that even a small Hamiltonian perturbation with
respect to the system Hamiltonian may result in nonlinear
response, and that unlike the case for closed quantum systems
or classical systems, the corresponding response function is
not simply related to a correlation function of the system.
This occurs when the perturbation is considered small with
respect to the system Hamiltonian but not necessarily small
with respect to the system-bath Hamiltonian. In such cases,
additional timescales emerge within the system whose impli-
cations to the Markovian and secular approximations in the
LGKS formalism must be considered.

In cases where the perturbation is small with respect to the
system-bath Hamiltonian, or when the perturbation influences
only the eigenvectors of the system Hamiltonian, a linear
response relation can be established. However, we find that
the linear response function is subject to corrections over the
closed system result that can be traced to noncommutative
effects between the perturbation and the system-bath coupling
Hamiltonians. Only with the inclusion of these additional
terms is the response thermodynamically consistent.

The observation that the perturbation affects the system-
bath couplings and leads to corrections in the response
function is closely linked to the local and global approaches
to deriving the LGKS master equation [34]. In the local
approach, the dynamics of a quantum system composed of
several subsystems, in which each is coupled to its own

surroundings, is described by a local dissipator that ignores
the couplings between the subsystems. The global approach
takes the intercouplings between the subsystems into consid-
eration when deriving the dissipative part. The validity of the
different approaches has been studied extensively in recent
years and is an ongoing inquiry [34-46]. This study offers
a systematic method to calculate the response functions of
open quantum systems, and, in doing so, bridges the two
approaches. In particular, using a perturbative treatment, we
extend the validity of the local approach without the need of a
full global treatment, which may become complicated and, in
most cases, not analytically feasible.

The manuscript is laid out in the following way. First,
in Sec. II we briefly review the assumptions invoked in the
LGKS framework, paying particular attention to the coarse
graining required to satisfy the Markovian approximation.
Then in Sec. III we develop a response theory for impulsive
system perturbations. This is specialized to instances where
only the eigenvectors change in Sec. III A, with an explicit ex-
ample of such a theory for two anharmonic oscillators coupled
to two heat baths considered in Sec. III B. A response theory
specialized to instances where only the eigenvalues change
is shown in Sec. III C, with an explicit example of such a
theory for two qubits coupled to two heat baths considered in
Sec. III D. The response function of thermodynamic functions
that are state dependent is discussed in Sec. IV. Finally, in
Sec. V we summarize and discuss the main results.

II. FRAMEWORK FOR THE LGKS MASTER EQUATION

We consider a system-bath model with total Hamiltonian
H of the form

H =H,+80(t)V + Hy, + H,, (2)

where the quantum system of interest is described by the
unperturbed Hamiltonian,

= 3£ 0
n

; 3

in its eigenbasis. While the baths may exist in the thermo-
dynamic limit, we consider explicitly system Hilbert spaces
that are discrete. We focus our analysis on step perturbations
8(t) = 86(t), and § is a unitless parameter that sets the scale,
6(t) is the Heaviside function turned on at t =0, and V an
arbitrary operator in the system Hilbert space. The system is
weakly coupled to two or more baths held in distinct thermal
states that can generate flows of mass and energy through the
system described by

H, = Z Zhwa’jrl’jra,j, @
«

where r;j Ty,j 1s the number operator for the jth mode of the
ath bath, which is assumed to have a continuous spectrum and
obey bosonic statistics. We will assume that the interaction
with a bath is bilinear such that the interaction Hamiltonian is

Hy, = Z)\-aSaRaa ()

where for the «th bath an operator in the system, S, is cou-
pled to a bath operator, R,, with strength A,,.
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For a system interacting weakly with each bath in the
absence of the perturbation § = 0, assuming the baths are
thermal and initially uncorrelated with each other, the reduced
state of the system reads p(t) =~ [], exp[)\iKO, ®)]p(0), with
[47]

t r—u
K, (t)p(0) = Z / =gy / F,(v)e'“"dt
0.0 0 —u

N 1 .
X (Sa (@)pS, (@) — E{Sa (@)S, (), p}>,

(6)

where F,(t) = Tr[pyRy(T)R,] is the oth bath correlation
function, p, is the state of the ath bath, and S,(w) are the
Fourier decompositions of the operator S,, which are ex-
pressed using the Bohr frequencies of Hj through

Sa(@) =Y NP8, NWs(he — EY + E), (1)

n,m

where TI? = | @) (V)] are the projection operators onto
the energy eigenspace of Hy. The sums over w and o’ index
the system Bohr frequencies. Written in this form, it is clear
that the system’s eigenstructure is encoded in the propagator.
For details see Appendix A.

Equation (6) is a generic result of second-order perturba-
tion theory in the system-bath coupling. To bring it to the
LGKS form, two additional approximations are carried out.
The first approximation assumes that the integral on the left-
hand side samples the function F (7) in sufficient accuracy to
justify the Fourier transform on the right-hand side,

t—u o0
/ Fy(1)e " dt ~ / F,(v)e'“ d, (8)
—u —00
which defines a time-independent relaxation rate I'y (w):
o
Ty(w) =22 / F,(t)e*dt > 0. 9)

This is the standard Markovian approximation and is valid
for long times such that wr >> 1. The second assumption is
typically a stronger condition than the first,

t
/ &Gy 18, (10
0

and is referred to as the secular approximation [48]. This ap-
proximation is valid when min{t|w — «’|} >> 1. The resultant
Markovian master equation in the Schrodinger picture reads’
. i "
P=—E[H0,P]+XQ:D 2 (1D
with the dissipative part

1 .
Dp=Y Fa(w)<sa(w)psj,(w> - 381 @S (@), p}>,

12)

"Here and in the rest of the manuscript we neglected the Lamb-type
shift correction to the Hamiltonian, which can easily be recovered,
see [48].

and the relations Sy (—w) = S} (w) and ['(—w) = e T (w).
For a bosonic bath at thermal equilibrium, one can factor-
ize the relaxation rate, I'(w) = y(w)(n+ 1) and I'(—w) =
y (w)n, where n is the Bose-Einstein distribution and y () is
determined by the coupling strength and the density of modes
of the bath. Note that the simple additive structure for multiple
baths in Eq. (12) results from linearity of the original Hamil-
tonian and the assumption of no initial correlations between
the baths.

III. RESPONSE THEORY WITHIN THE
LGKS FRAMEWORK

Now we consider adding a constant perturbation at time
t = 0 to the system, which drives the system away from its
current NESS to a new steady state. Our treatment of the
perturbation §V does not constrain it to be the smallest energy
scale in the problem. It is considered small with respect to the
system “bare” Hamiltonian Hy; however, it is not necessarily
small with respect to the system-bath couplings, {A,}, which
is assumed to be weak. An exact LGKS master equation de-
scribing the new dynamics would require deriving the master
equation that corresponds to the new Hamiltonian Hy + §V
from first principles. In many cases, this global approach is
convoluted or even impossible. Here we present an approach
based on a perturbative treatment of the LGKS equation in
such a way that is consistent with the approximations in
Egs. (9) and (10), namely, with the secular and Markovian
approximations.

The perturbative treatment begins by expanding the eigen-
values and eigenstates of the system Hamiltonian and the
perturbation, Hy 4 8V, in the basis of Hj and in orders of §,

E,=E” +8E" +8EP +--- |
) = W) sy + 2l )

Given the structure in Eq. (6), the expansion suggests that
the perturbation may influence the master equation in two
ways: (1) modifying the structure of the master equation due
to changes in the eigenvectors, and (2) modifying the Bohr fre-
quencies of the system and the structure of the master equation
due to changes in the eigenvalues. These two modifications
can appear either separately or together, depending on the
timescales of the problem and the details of the perturbation.

A. Response due to changes in the eigenvectors

To start, we consider how changes to the eigenvectors
impact the system’s response. We assume that the Bohr
frequencies w do not change as a consequence of the per-
turbation. This happens anytime the perturbation shifts all
the energy levels by a constant, or more commonly, when
the perturbation does not affect the eigenvalues at a given
order of §. For example, whenever the eigenvectors of the
Hamiltonian Hy and the perturbation V are orthogonal, the
first-order correction of the eigenvalues vanishes, E{!) = 0.
When only the eigenvectors change, the response theory takes
on a transitional perturbative form.
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Using Eq. (13), the projection operators can be expressed
in orders of § where T1° = |,,) (¥,,], and the expansion

S(@) = SVw) + 85V (w) + - - (14)

immediately follows. By virtue of Eqgs. (12) and (14), the
expansion of the dissipator for each bath in orders of §,

’Dp:DOp+3'D1p+32D2,O+"' s (15)

is analogously clear. Here, D; is the &/-order correction to
the dynamics, and the zero-order term Dy corresponds to the
dissipator of the unperturbed system with the Hamiltonian Hj.
More specifically, the explicit form of the first-order correc-
tions is given by

SV(@) = [ ON VS| @)@ | + similar terms  (16)

and

Dip=), r(w)[SWw)pS“”(w)

— %{S“)"'(w)S(‘”(w), p}] +Hec. (17)

Similar terms in Eq. (16) refer to all terms contributing to
first order in 8. The procedure above provides a scheme to
treat perturbatively complex Hamiltonians within the LGKS
formalism. It is simplified significantly by the constant fre-
quencies entering into the sum, which thus do not alter the
underlying Markovian or secular approximations.

The ability to write the expansion equation, Eq. (15), ad-
mits a quantum response theory for NESS to be developed
in an analogous way for a closed quantum system. After the
perturbation is turned on, the dynamics of a system in contact
with multiple baths follows the master equation,

o i
p=—Ho+8V,p1+ > 8'Dip, (18)
a,j=0

where for each «th bath we can expand the dissipator in a
series. The new perturbed state of the system p can similarly
be expanded in orders of § as well,

p(t) = mo(0) + Y87 p;(0), (19)

j=1

where at time r = 0 the NESS is p(0) = mp. Note that the p;
corrections are not proper density matrices in themselves and
satisfy Tr[;] = 0 at each order.

Inserting Eq. (19) into Eq. (18) and keeping only the first
order in § terms, we have

p1t) = Limo + Lopi(t),

I
Limg = =3[V, 70l + §D‘fﬂo, (20)

i o
Lopi(t) = == [Ho, pr (D] + ;Dopl(r),
with the formal solution

t
(1) = / dveto Ly 1)
0

for the first-order correction to the density matrix in §. Then,
to first order in § for an arbitrary observable A,

(A)s = (A) +8/dr¢(l), (22)

where the average (-); is taken with respect to the perturbed
state. This implies a response function,

" = (LIA(0))

SV A@D+ Y (DUA@) @3)

where A(t) is the observable propagated according to the
unperturbed dynamics, A(t) = AS(!)A = ¢V A. Here Ag is
the dynamical map in the Heisenberg picture with the adjoint
LGKS generator Eg [48].

Note that this result also holds for an arbitrary initial prod-
uct steady state, including thermal equilibrium, in which my o
exp[—pBHy], with the inverse temperature 8 = kgT and the
Boltzmann factor k. Extensions to second and higher order
are straightforward under the assumption that the eigenvalues
do not change.

The response functions derived here are different form
those found in the literature, as they involve a term due to
the rotation of the dissipator into the perturbed eigenvectors
D, . The linear response function now generally has two con-

tributions, ¢\ = ¢V + ¢{"?, with

g\ = %([V,Aum,

24
i = Djaco).

where the first term ¢f‘1’1) is expected from Kubo theory. The

additional term ¢f‘1’2) originates from noncommutativity of the
new Hamiltonian, including the perturbation and the system-
bath interaction Hamiltonian, and has no classical counterpart.

For closed quantum systems at thermal equilibrium, which
follow a unitary evolution, the term ¢/§1'2) vanishes and the
response function qbf‘l) in Eq. (23) reduces to the standard
Kubo formula, Eq. (1). However, for open quantum systems
this is no longer the case. In Sec. III B, we show that this
additional contribution can become significant and cannot be
neglected.

We point out that a response function which explicitly
includes the dissipative part has been introduced before in the
literature [28,32,49,50]. However, in these studies the LGKS-
based Kubo formula is derived under the assumption that a
Dyson expansion of the full evolution exists, without provid-
ing a microscopic derivation, or that the perturbation itself is
assumed to be represented by a non-Hermitian operator. By
contrast, in this study we show that a Hermitian (Hamilto-
nian) perturbation of an open quantum system, in the limits
discussed above, results in an additional contribution (]5/(41’2) to
the Kubo formula. Moreover, we provide a method to evaluate
this term explicitly from first Hamiltonian consideration.

B. Example: Two coupled anharmonic oscillators

In this section we illustrate how a perturbation that changes
only the eigenvectors of the system to first order results in a
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FIG. 2. Response of the a oscillator population. (a) Schematic
illustration of the system of two coupled oscillators. (b) The response
of the occupation a’a in time. The blue and red lines are the contribu-
tions of integrating Eqs. (31) and (32), respectively. The parameters
are y_ =y, w =100y, g/h =90y, e/h=5y,5 =0.02, T, =2 x
10%hy /kg, and T, = 2.1 x 103 iy /kg. For these parameters, accord-
ing to Eq. (30), the unperturbed population (a'a) = 107.4.

linear response determined by both the traditional Kubo term
and the additional force from the baths. In particular, we inves-
tigate the contribution of the different terms of qb(l) in Eq. (24),
illustrating the conditions under which the term (;5/(41’2) has
non-negligible contributions. The system we consider consists
of two coupled anharmonic oscillators, a and b, subject to
a linear external field. Each of the oscillators are coupled to
a thermal bath with temperature 7, and 7, respectively, as
shown schematically in Fig. 2(a). The anharmonicity is de-
scribed by a cubic potential §V, which will be considered the
perturbation and is treated within the linear response theory.
The unperturbed system Hamiltonian,

Hy = hiw(a'a + b'b) + g(a’b + ab")

€ e s

+ ﬁ(a +a)+ ﬁ(b +b), (25)
includes the self-Hamiltonians of the two harmonic oscilla-
tors, a coupling between the modes, and a linear field. Here
o denotes the frequency of both oscillators, g their bilin-
ear coupling, and ¢ the linear potential that they both feel.
The system-bath interaction Hamiltonians are assumed to be
bilinear,

w=(a+a")Y®R,+ (b+b") Ry, (26)

with R, = Zj Ao, j(Ta,j+ r;j) being a sum of displacement
operators of the ath bosonic bath and A, ; the characteristic
interaction scale.

The joint master equation for the harmonic system includ-
ing the linear field is derived using a global approach [34],
which assumes that the intercoupling is strong compared to

the system-bath couplings. The resultant adjoint propagator is
i -
£4(0) = 3[Hy, 01 + Y DO+ D), @)

{=+,a=a,b

with the Hamiltonian Hy = w,d d, + w_d d_ and the dis-
sipators expressed in a normal-mode transformation, d; =
(a+ b)/\/z and d_ = (b— a)/ﬁ, and frequencies wy =

w =+ g/h:
@y
DY(0) = —W("@; ) (di0d, - Ldid,. 0))
”;‘ (d,0d] — L{d,d}, 0})
5 @ 4
Dy’ (0) = M(cﬂo +0d, — Hdl +d.,0})
’ 2hw+
+ (4,0 + 0d} — 3d, +d}. 0)). (28)
2fla)+

where we define the Bose-Einstein distribution n§ =
[exp(Byhiwe) — 117 ! for each bosonic bath at inverse temper-
ature B, and the decay rates y;. The term D , arises from the
linear field and can be derived using the perturbatlon theory
that was introduced above (see Appendix B for details).

We will consider for concreteness the response of the oc-
cupation number of oscillator a to a step perturbation of the
form 8V, with

V= ﬁ[cﬁ +a— @ +b)P (29)
\/g 9

which adds a cubic potential, rendering the system anhar-
monic expressible as a sum of the new normal modes. Since
8 sets the scale of the perturbation, we are free to chose
2 = hw_. For this choice, the perturbative treatment implies
6 < 1. In the absence of the perturbation, the occupation
number can be calculated using the master equation

1 2
(aTa)=Z|: 3 n?+2(ﬁ) } (30)

=%, a=a,b
which is valid within an arbitrary steady state.

Following the approach described in previous sections, we
find that the first-order corrections to the eigenvalues vanish
and thus the Bohr frequencies remain the same. The eigen-
vectors, however, are modified, leading to corrections of the
dissipator in the format of Eq. (17) (see A?pendix B for de-
tails). To calculate the response function d) i, Of the observable

a’a, we first calculate the evolution of the operator ata(r) =
e“07g'a and then evaluate (CTaTa(t)). In Appendix B, we
show that the time-dependent operator a‘a(r) can be ex-
pressed explicitly as a linear combination of operators at time
zero multiplied by time-dependent functions.

To study the contribution from the different terms o 8, we
use the splitting of the response function in Eq. (24). Direct
calculation results in

Pu () = = Dsin(@_t)e™ > (3D
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FIG. 3. Steady-state response S(CDLIG]) + @il;az)) as a function of
the average temperature 7. The parameters are y_ = y, o = 100y,
g/h =90y, ¢/h =5y, § =0.02, and the temperature difference is
AT = 50hy /kg.

and
3ey_
(1,2) —
RS 2w,

where both contributions depend on the average Bose distribu-
tion, i_ = (n% + n”)/2. The response functions scale linearly
with . When no linear field is present, the linear response will
vanish completely. Notice that only ¢>C(l,;1.’a2) depends on the ki-
netic parameters describing the coupling to the bath, similar to
the frenetic contributions arising in classically driven diffusive
systems [19,20].

In Fig. 2 we plot the two contributions to the response
of the occupation a'a in time, i.e., the integrated response
functions

(- — 1)(2A_ + Deos(w_t)e” 7, (32)

t
o)1) = / dr ¢ (o), (33)
0

for i = 1, 2. In the high-temperature limit illustrated in Fig. 2,
it is clear that the term involving q&((;f) has non-negligible
contributions both in the transient and steady-state regimes.

The significance of this term is also manifested in the
scaling behavior of the steady-state response of a’a with
the average temperature T = (T, + T;)/2. Integrating the re-
sponse functions over the interval ¢t = [0, o],

3 402
e T vy LR
t—00 hop \ vz + 402
i (34)
fim 002 = 25 (Y Ve — i+ 1)
t—~oo  dla hoy y3+4w3 B B ’

yields the steady-state response. In the high-temperature limit,
n* « T,, which implies that the term ¢($;1) o« T, whereas

q);if) o T?. This change in the scaling with the average
temperature is depicted in Fig. 3, where we plot the total

steady-state response, 8(<I>fl.1,.’al) + d>;.1;.’az)), as a function of the

average temperature. As T increases, the non-Kubo term,
CD((ll;az), dominates the behavior with a different scaling and a
different sign of the response emerging.

We note that at high occupation number of the oscillator,

the perturbation theory breaks down as the perturbed state

depends explicitly on the level number #. In this case there is
an interplay between the magnitude of § and n. In particular,
we wish § < n~2 (see Appendix B).

Interestingly, at zero temperature, when n* = n? =0, the
steady-state response

oD L ol? —r— (35)
+

is independent of y_, which characterizes the bath and its
coupling to the system.

C. Response due to changes in the eigenvalues

Changes to the eigenvalues E, leads to modifications of
the Bohr frequencies, which can be expanded in terms of §
as well, = 0@ + 8w +.... The procedure introduced
for deriving the LGKS master equation can now be repeated
using the new perturbed Bohr frequencies and the replacement
of the projectors, 1Y — 1, to a desired order. Modifica-
tions to the Bohr frequencies introduce new timescales that
become relevant for the LGKS approximations in Egs. (9)
and (10) to be carried out. The weak system-bath coupling
limit [47,51] that leads to the LGKS master equation assumes
a time coarse graining of fast oscillating terms with fre-
quencies v = @’ — w. This approximation is valid only when
the system’s relaxation time t satisfies min{t|v|} > 1. The
perturbation may introduce new frequencies; for example, at
first order in 8, T|v"| > 1, terms oscillating with frequencies
v = §(w'M — ) are eliminated. Physically, the coarse
graining is carried out when the width of the spectral line is
smaller than the level splitting that is now proportional to §.

When the Bohr frequencies are modified by the perturba-
tion, the expansion of the dissipator in orders of § does not
necessarily exist. The Fourier transform of the bath correlation
functions in Egs. (9) and (12) includes the perturbed Bohr
frequencies I'y(0®) — Ty (8w"). This implies that a first-
order correction to the eigenvalues, given the coarse graining
discussed above, already results in all orders of the dissipator,
making the response of the open system nonlinear. Moreover,
in the limit § — O the dissipator will generally be different
from its unperturbed form. The reason is the time coarse
graining, which eliminates terms oscillating with frequencies
vl that are proportional to 8. This discontinuity is a known
phenomena when deriving the LGKS master equation from
first principles [52,53]. The observations above suggest when
the perturbation is small with respect to the system Hamilto-
nian H, but large with respect to the system-bath interactions,
response theory for open quantum systems cannot be formu-
lated by standard means. The response function can no longer
be associated with correlation functions in the unperturbed
system and requires knowledge of the perturbed state of the
system.

However, when the perturbation is also small with respect
to the system-bath coupling, a generalized fluctuation-
dissipation relation can be derived. When in addition the
first-order correction to the eigenvectors vanishes, a local mas-
ter equation, in which the perturbation does not influence the
dissipator, can be applied. In this limit, when the perturbation

is small with respect to the system-bath coupling, vV « v71,
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following the development in Sec. IIT A,
W = i/R(IV, A, (36)

where contributions from a nonlocal dissipator, that previ-
ously were expressed through 4521’2) , enters as a higher-order
cross term and thus in this instance should be neglected. So
although the response function cannot always be associated
with correlation function in the unperturbed system, a pertur-
bative treatment based on Eq. (13) offers a practical method
for treating complex perturbations which cannot be analyti-
cally solved exactly.

D. Example: Two coupled qubits

In this section we study an example illustrating how a
perturbation that modifies only the eigenvalues to first order
and does not change the eigenvectors leads to an LGKS master
equation that involves higher orders of the perturbation, as
discussed in the previous section. While the perturbation is
assumed to be small compared to the system Hamiltonian,
the response of the system is investigated in two different
limits. The first assumes the perturbation is small compared
to the system-bath couplings, which in terms of timescale
can be translated to v « 7!, with 7 the typical relax-
ation time of the system. Since the system-bath coupling is
already assumed to be weak, the regime of applicability is
quite restricted and a local approach can be implemented.
The opposing limit, in which the perturbation is assumed to
be large with respect to the system-bath coupling, i.e., vV >
77!, leads to new Bohr frequencies and to the coarse-grained
dynamics discussed above.

In this example, the response of the heat current between
the thermal baths and a finite size system is studied. In par-
ticular, we consider a chain of two qubits A and B that are
coupled to two bosonic heat baths with temperature 7;, and Tp,
respectively. A schematic of the system is shown in Fig. 4(a).
The unperturbed system Hamiltonian, including the qubits
and the coupling between them, reads

Ho = ’%‘”(a;‘ +0f) + S (otol +olof). (3
where o; is a Pauli matrix, o is the transition frequency of
the uncoupled qubits, and g the coupling between them. The
system-bath coupling Hamiltonian is assumed to be bilinear,

Hy=0'®R,+ 0’ @R, (38)

where Ry, =) Ay x(ryx+ r;k), with  x = {a, b} the
weighted displacement operator for the xth bath. In
Appendix C we derive the global master equation which
is used to calculate the NESS properties of the system, noting
that the eigenvalues of Hy are wi = w =+ g/h, each with a
twofold degeneracy. The resultant adjoint propagator is given
by

. i
Ly(0) = ~[Ho, 01 + > Do), (39)
{==,x=a,b
with
DLO0) = ye(nf + 1) (x{ Oxe — S {xex{. 0))

+yenl (xeOx{ — Ml xe. 03). (40)

(@)
. WM DAY =
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FIG. 4. (a) Schematic illustration of the system. (b) The steady-
state heat currents with and without (black) the perturbation at low
temperatures, T = 507y /kp, as a function of the temperature dif-
ference between the baths. The red line corresponds to J' + 67,
and the blue line to J¢ of Eq. (46). (c) The steady-state heat-current
response as a function of the average temperature T for a fixed
temperature difference AT = 20%y /kg. In red, the first-order cor-
rection 8 7,. In blue, the difference, 7 — J', between the new and
old steady-state heat current [subtracting Eq. (42) from Eq. (46)].
The parameters are y_ = y; =y, o = 10’y, g/l =2 x 10*y, and
8Q2/h = 50y.

where again, nf( = [exp(By fiwy) — 117! is the Bose-Einstein
distribution at inverse temperature §, for the xth bath. The
operators appearing in D())" ¢ satisfy the relation [Hp, x+] =
—hws x4, with x4 being either ax. = (04 F 00®)/2 0rby =
(08 ¥ 046%)/2. Each channel has a decay rate y;.

We consider the response of the heat flow through the
system at steady state, 7, to a perturbation of the form

V =8Qo’o?, 41)

with Q the coupling energy. At first order, this perturbation
changes the eigenvalues, leaving the eigenvectors the same.
The average heat flow from the a bath in the absence of the
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perturbation is given by J' =Y ,_, <DS,TZH0) [see Eq. (48)
and Appendix C]. At steady state,

o Yehor(nf — nﬁ_) y_ho_(n® —n")
O T A+ nh + D) A+t 1)

we find heat flows in two channels with energies fiw. and cor-
responding rates proportional to y. In the high-temperature
limit, the heat current [Jj' o< AT scales as the temperature
difference AT = T, — Tp,.

When the perturbation is much smaller than the coupling
to the baths, v « 77!, a local master equation with system
Hamiltonian Hy 4 8V in the commutator and a local dissipa-
tive part Dy can be justified. The basis of this approximation is
neglecting terms of the order O(8%A?) and higher in the master
equation and the fact that the first-order correction of the
eigenvectors vanishes. Incorporating such terms in the master
equation would require introducing higher-order corrections
in the system-bath coupling for consistency.

The heat current from the a bath, to first order, is given
by Jy +6J(, where Jj is given by Eq. (42), and J| =
Doy (DS?ZV), which is strictly the local contribution of the
perturbation. Here we wish to emphasize that locality does
not refer to individual qubits, as these are treated globally [see
Eq. (42)], but rather to the perturbation itself. At steady state,

(42)

go_ O —a)ty Qe =ty
P2 b+ Dl 1)
Note that [J{ has the opposite sign as that of [Jj, and
the overall contribution is determined by the sign of §. At
the high-temperature limit, J§' o« AT/T, whereas J{
AT/T? with T = (T, + T;)/2 the average temperature.

In the opposite limit where the perturbation is much larger
than the coupling to the bath, v(") > 7!, the baths act to ther-
malize a different system with a different spectrum. To first
order in §, the eigenvalues and the corresponding eigenvectors
read

{Epo = —fiw + 89, E+ = +g — §Q, E11 = ho + Q)

1
{100), [£) = —=(|01) £ [10)), [11)},
V2
which in this case also happens to be the exact correction for
any 6.

The Fourier decomposition of the interaction Hamiltonian
operators can be expressed as

G;=Sl+S2+S3+S4+H.C.

of = -8 +8 — 83+ S, +He., (44)
with the corresponding frequencies
1= IOl o1 =~ 209/,
Sy = %IOOHH; wy = wy —26Q/,
S; = %H—)(lll; w3 = w_ +28Q/h,
Sy = %|—)(11|; w4 = wy +25Q/h. (45)

Following this decomposition a master equation can be
derived (see Appendix C), and the heat current from the a bath
reads

Il
M-

J' =) (DjH),

~.
Il
=

Il
NE

hooj (—y;(n% + 1)<S]TS_,->p + y,-n;?(sjsj.),,). (46)

~.
Il
=

An analytic expression of Eq. (46) exists, however, it is too
involved to present here. Note that averages in Eq. (46) are
taken with respect to the new nonequilibrium state. While for
the unperturbed system heat was flowing in two channels, in
the current limit heat flows in four channels that correspond to
the perturbed Bohr frequencies {w;} of Eq. (45).

Figure 4(b) illustrates the steady-state heat currents with
and without the perturbation at low temperatures and as a
function of the temperature difference between the two baths.
The black dashed line corresponds to the heat flow of the un-
perturbed system Jj;'. The red and blue lines indicate the heat
flow subject to perturbation calculated when v « 7! and
v > 71 respectively. Note that according to Eq. (46) we
have v = 46Q/h. When first-order corrections to the Bohr
frequencies are accounted for, we observe a significant am-
plification of the steady-state heat current (blue line), whereas
standard response theory predicts only very small changes to
the heat flow.

An informative comparison between the limits is obtained
by plotting the response of the heat current at steady state as
a function of the average temperature T Fig. 4(c). The red
line corresponds to the first-order correction §.7{ and the blue
to the difference between the new and old steady-state heat
flow, 7 — Jy', of Egs. (42) and (46). At low temperatures,
the behavior of the heat-current response in the two limits is
substantially different. This clearly indicates that the pertur-
bation has a significant effect on the dissipation caused by the
coupling to the baths. While in both cases the perturbation is
considered small with respect to the system Hamiltonian, its
relation to the relaxation rate results in a different response
behavior. In the high-temperature limit, the correction to the
Bohr frequencies becomes negligible, the heat-current re-
sponses in the two limits coincide and vanish asymptotically,
and the relaxation rate increases with temperature.

The fact that a first-order perturbation, with respect to the
system Hamiltonian, can lead to a nonlinear response of the
heat current is illustrated in Fig. 5. In this figure we plot
the steady-state heat current as function of the perturbation
strength &. The black dashed line represents the heat current
of the unperturbed system given by Eq. (42), the red line
is the sum J + 8J} of Egs. (42) and (43) that corresponds
to the limit v? « 77!, and the blue line is the heat cur-
rent given by Eq. (46) in the apposing limit v > 77! In
the low-temperature limit, small changes in the eigenvalues
lead to pronounced and nonlinear changes in the heat current
with respect to the unperturbed heat current. In the high-
temperature limit, as may be expected, the perturbation has
very little effect on the heat current, as it is dominated by the
temperature.
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FIG. 5. Steady-state heat current as function of perturbation strength. In black, the heat current of the unperturbed system given by Eq. (42).
In red, the sum Jj' + 8J7 of Egs. (42) and (43) which correspond to the limit v() « y. In blue, the heat current given by Eq. (46) in the
apposing limit v > y. The left caption corresponds to a low-temperature limit with the average temperature 7 = 507y /kp, whereas the
right caption corresponds to the high-temperature limit with T = 5 x 103%y /kg. The parameters y_ = y, = y, w = 103y, g = 2 x 10y, and

AT = 20hy Jkg.

IV. HEAT FLOWS, ENTROPY,
AND ENTROPY PRODUCTION

As stressed by Alicki and others [34,36,47,53], although
LGKS operators cannot generically be associated with an un-
derling Hamiltonian, a thermodynamic consistency requires
this association, as a consistent microscopic description of
dissipation, is not otherwise possible. To accomplish this
faithfully, the LGKS operators require information on the
eigenstructure of the system whose transitions they promote,
as encoded by the detailed balance relationship between their
transition rates. As we have shown above, to accurately obey
these constraints in the presence of a perturbation requires
care.

To illustrate the thermodynamic compliance of the theory
discussed above, we introduce the response of the heat flows,
entropy, and entropy production. While Eq. (23) provides the
response function of a general quantum observable of the
system, in this section we introduce the response of thermo-
dynamic functions which are state dependent. The entropy
production o has contributions from changes in the internal
entropy of the system and from the exchange of heat with the
baths at different temperatures:

d J(1)
o(t) = —St) X]: ) 47)

T,
Here S(¢) = —kgTr[p(¢) In p(¢)] is the von Neumann entropy
and J is the heat flow from the « bath:
J* ) = —p;(D*" Inn®), = (D*'H),.  (48)

The state 7% appearing in Eq. (48) is the thermal state of the
generator D with the temperature B, = kpT,. The average,
on the other hand, is taken with respect to the time-dependent
state, (), = Tr[p(7)-]. Noting that

d
ES(I) = —kgTr[(Lp(®)) In p(2)], (49)

using D = > D%, Egs. (47) and (48) together with Spohn’s
inequality —Tr[(Lp)(Inp —Inmw)] > 0 [54], we conclude

that the entropy production is non-negative o (t) > 0 (see
Appendix D). In case the eigenvalues are perturbed, as dis-
cussed in Sec. III C, the modified LGKS generator of each
bath has a unique Gibbs-like stationary state that corresponds
to the perturbed spectrum. This is demonstrated explicitly in
the example of Sec. III D, in which the perturbation treatment
and the global approach coincide. Following similar argu-
ments discussed above, the perturbed entropy production is
non-negative as well. This is detailed in Appendixes C2 and
D 1. We mention in passing that if particles are also exchanged
between the baths and the system, one needs to account for the
heat carried by them; see, for example, Ref. [55].

Next we derive the linear response for the case discussed
in Sec. IIT A, when the perturbation changes only the eigen-
vectors. At time ¢ = 0, before the perturbation is applied, the
steady-state heat flow from the « bath is strictly given by
J¢ = —B; DS Inng). The first-order correction, J¢ =
05 J%|s=0, can be expressed in two useful forms. The first
reads

t
J(t) = —ﬂa_‘/ (LA DS Inng)de
0

-8 ((D‘I” Inmf)+ <D(°)‘T85 In7%5—0)), (50)

where 7% o« e P«Ho+3V) ig 2 unique stationary state of the
generator L%, see Appendix D for details. The second form,

Te@) = / (LIA (D Ho)d e + (DY Ho) + (DSTV),
0

(G

shows clearly that the sum of the heat flow from all the baths
returns the total energy change in the system.
The first-order correction of the von Neumann entropy,

S1 = 058]s=0 = —kgTr[p; Inmo], (52)
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allows us to calculate the correction for the change in the
internal entropy, see Appendix D:
d

dtsl(t) = —kp(Tr[(Lop1) In 0] + Tr[m L] In 70])

t
—kg f (LIAN(D) L In o)t — kp(L] In )
0

= —kB(ETAS(t)lnrm). (53)

In the second equality, we applied Eq. (21), and in the last,
we integrated using the relations Ag(r)ﬁg = %Ag(r) and
Ag(O) = 1. Assuming the existence of a new stationary state,
one may observe that, as may be expected, for + — oo the
derivative %Sl = 0. To show this, we assume p;(00) = 1y
such that L(my + m1) = O(8?). Then, Lo = —L79, which
implies that for sufficiently long times, the first line in Eq. (53)
vanishes.

At equilibrium, the first-order correction to the entropy
production vanishes at all times o;(¢) = 0. The change in the
von Neumann entropy equals the entropy flow from the bath.
For systems at NESS, this is no longer the case. The correction
can turn negative or positive.

V. OUTLOOK

Obtaining an accurate description of open quantum system
response to perturbation is imperative for understanding the
dynamics and manipulating the outcome and performance of
quantum devices. In this study we employed a microscopic
Hamiltonian approach based on physical arguments, rather
than a phenomenological approach, to develop a quantum
response theory. This distinction is crucial, as one cannot
associate an arbitrary Hamiltonian with a given dissipator
of the dynamics. The perturbation modifies the system and
the way it is perceived by the surroundings. As a result, the
dissipator is modified, and in the linear response, corrections
to the standard response function ¢/§1, D are already expected.

Combining stationary Hamiltonian perturbation theory
with the LGKS formalism, we developed a useful practical
scheme to obtain the response functions for both systems
at equilibrium or NESS. The approach reveals the role of
changes in the eigenvectors and eigenvalues as a result of the
perturbation. Eigenvector modifications lead to corrections of
the dissipator that can be expressed order by order in the per-
turbation parameter. It therefore allows us to derive response
functions that include new non-negligible terms. For closed
quantum systems at thermal equilibrium, our result recovers
the standard Kubo formula. The new terms can be interpreted
as a response to forces induced by the surroundings as a result
of the perturbation.

Changes in the eigenvalues lead to modifications of the
Bohr frequencies and in turn to modifications of the opera-
tors appearing in the dissipator. In this scenario, a distinction
between two limits is appropriate. First, when the system-bath
coupling is small compared to the perturbation, linear changes
to the eigenvalues lead to the system’s nonlinear response.
Although now the response function cannot be expressed by
correlation functions at equilibrium or NESS, the perturba-
tive approach introduces a genuine scheme, treating complex
Hamiltonians within the LGKS formalism.

In the opposing limit, the coarse-graining procedure that
leads to the LGKS master equation is not justified. However,
when the eigenvectors are not influenced by the perturbation
and since the perturbation is a assumed to be small com-
pared to the system-bath coupling, a local master equation
is justified and the linear response is strictly given by ¢£l’1)
of Eq. (24). Taking into account higher-order contributions
would make sense only if higher orders in the system-bath
coupling are considered as well. While in this work we fo-
cused on stationary perturbations, there is still a need for a
quantum response theory of time-dependent perturbations that
are derivable from a physical Hamiltonian perspective.
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APPENDIX A: THERMALIZING LGKS MASTER
EQUATION IN THE WEAK-COUPLING LIMIT

We briefly review the main ingredients for deriving the
master equation in the weak-coupling limit. More elaborate
derivations can be found in Refs. [48,51,56]. We assume a
quantum system with the Hamiltonian Hy = ), E,,|m)(m|
coupled to a thermal bath pg with the Hamiltonian Hi such
that [pg, Hg] = 0, via an interaction Hamiltonian H; = AS ®
R. Here, X represents the coupling strength which is assumed
small, and S and R are linear operators of the system and bath,
respectively. The generalization to a system coupled to several
baths is straightforward and follows the linearization of the
master equation for initially uncorrelated baths.

Working in the interaction picture, the reduced dynamics of
the system is given by the partial trace over the bath degrees

of freedom,
p(t) = At)p = Trr[Ur(t)p ® prUI(t)'], (AT)

where

Ui(t) =T exp {—ik/ S(s) ® R(s) ds} (A2)
0

is the time-ordered propagator in the interaction picture,
which is defined using

S(t) = eiHUZ/hSe_iHUZ/h, R(t) = eiHRf/hRe_i/HRt/h. (A3)

As shown in Refs. [47,52], the dynamical map A(#) can be
expressed by the cumulant expansion

A@t) =exp Y VK™ (0)].

n=1

(A4)

Since we assume the state of the bath is thermal, then
Tr[pgR] = 0, which implies that the first-order cumulant
K™ = 0. The Born approximation (weak coupling) consists
of terminating the cumulant expansion at n = 2; henceforth
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we denote K@ = K and

A1) = exp[A2K(t) + O] (A5)
One obtains
K@)p =/ ds/ duF (s — u)
0 0
1
x (S(s)psf(m — 5{S<s>S*<u>, p}), (A6)

with the bath correlations F'(s) = Tr[prR(s)R]. The Markov
approximation (in the interaction picture) means that for long
enough time (or short correlation time) one can use the fol-
lowing approximation:

K(t)~tL, (A7)
where L is a LGKS generator. To find its form we first decom-

pose S(¢) into its Fourier components, which in the interaction
picture reads

Sty =Y e S(w), S(-w)=S"(w). (A8)

where the set {w = E,, — E,,} contains the Bohr frequencies of
the system Hamiltonian. This decomposition is equivalent to
the requirement [Hy, S(w)] = hwS(w). Expression (A7) then
reads

+ 1 +
Kp =) (S(w>p5‘<w’) — 5 {S@)s" @, p})

w,w’

t t—u
X/ e"(“’/_“’)”du/ F(1)e“dr.
0

—u

(A9)

To bring (A9) to the LGKS form, two approximations are
carried out:

r—u [ee]
/ F(1)eTdt ~ T'(w) =/ F(1)e“Tdt > 0,

—u —00

t
/ PACELY (TESRT S (A10)
0

The first approximation assumes the integral on the left-hand
side sample of the function F(t) to be of sufficient accuracy
in order to justify the Fourier transform on the right-hand side.
This approximation is valid for long times such thatr < 1/w.
The second assumption is typically a stronger condition than
the first and is referred to as the secular approximation. This
approximation is valid when ¢ <« max{1/|ow — «'|}.

Finally, the Markovian master equation in the Schrédinger
picture reads

dp
dt

" 1 R
Dp = ZF(w)(S(w),oS'(cu) - E{S(a))S'(w), P})- (A11)

[

APPENDIX B: TWO COUPLED ANHARMONIC
OSCILLATORS IN A LINEAR FIELD

1. Two coupled harmonic oscillators in a linear field
We derive the master equation for the unperturbed system,
two coupled harmonic oscillators A and B in a linear field:

Hy = hwd'a + hiwb'b + g(a'b + ab')

+ %(a"' +a)+ iz(b“' +b). (B1)

NG NG

Each of the oscillators is coupled to a thermal bosonic bath
with temperature 7, and 7, respectively. The bath Hamilto-
nian and its interaction to the system is denoted by

+ §
Hp = E an)jra_jra_j + E hw_,-rb_jrb,j
r -

J

H; = (aT + a)Z)La,j(rl‘j +7aj)
J

+ B D)) h )+ 1), (B2)
J
Performing the transformation
: (dy —d-)
a— —(dy —d_
NG +
1
b— —(dy+d-), (B3)
\/5 +
the Hamiltonian reads
Hy = hoydid, + ho_d'd_ +e(d, +d0), (B4)

where wy = w £ g/h, the commutators [d, di] =1, and all
other commutation relations are zero. The system-bath inter-
action Hamiltonian then reads

1

H =
T2

[d] +dy — (@ +d )Y el +7af)
J

o . ,
+sldl+dy+ @) D s+ 1)
J

(B5)
Moving to the interaction picture we have
oiHot/li g p=iHot/h _ g ,=io-t
¢t/ , =it/ <d+ _ L)e—iwg' (B6)
hows

Next, the derivation of the master equation in the
weak-coupling limit can now be performed as pre-
sented in Appendix A. When the difference between
the new Bohr frequencies |w; —w_|=2g/h is greater
than the relaxation rate, terms rotating at that frequency
are neglected and the two bosonic modes d; and d_
can be considered as independent harmonic oscillators,
where each is coupled to both baths. The joint mas-
ter equation for the harmonic system including the linear
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field is then given by
i = ot Al
Li(0)=i/hHy, 01+ Y D;(0)+D; (0)
{=*t,a=a,b
ot ye(ng +1), . ;
’Doqlg(o) = EZT(CZKI Od, — %{dgde, 0})
y‘ Y (4,047 — Hded!. 0)
~ ey. (n +1)
Dt (0) = o E (10 + 0dy — Mdl +d,, 0})
’ 2h(,()+
ey+ng t T
+ Ao, (d+O +0d} — {d, +d ., O}).

(B7)
Here we defined the Bose-Einstein distribution nf§ =
[exp(fiweBy) — 117!, and the decay rates y; = y(we), with
£ == and o = a, b. The term D"‘ arising from the linear
field can also be derived using the perturbation theory that
was introduced above. In this case, a first-order perturbation
of the linear field recovers the exact master equation, just like
a perturbation theory for the harmonic oscillator in a linear
field of a closed system.

2. Cubic perturbation

We study the linear response of the system above to a cubic
potential of the form

sV = E[a"' +a— (" +b). (B8)

V8

After the transformation,
8V =8Q(d’ +d_). (B9)

Setting Q2 = fiw_, the first-order correction for the eigenval-
ues vanishes, whereas the eigenvectors

[Ya) = n) —38v/(n+ 1)3|n+ 1) 4+ 36v/n3|n — 1)

_ g\/(” +3)(n+2)(n+ 1)n+3)

+ gx/n(n — D(n—2)|n—3) +0(8?),

where |n) is the eigenstate of d'd_. Since the eigenstates
depend explicitly on the level number n, the validity of the
perturbation theory at high occupation number is determined
by the interplay between n and §. At large n, i.e., n > 1,
the lowest order energy correction is proportional to §2n,
which should be smaller compared to the zero order that scales
linearly with n, which implies § < not.
Next, up to first order in &,

13
V) (¥al = [n)(nl +5<—3\/ (nz ) In)(n + 1|

+3vVn3 ) (n — 1]
- %ﬂn +3)(n+2)(n + Dn)(n+3]|

+ %\/n(n —1D(n—2)|n){n — 3| + H.c.)

(B11)

(B10)

+0(8%).

The Fourier decomposition of the interaction Hamiltonian
with frequency w_ reads

S-) =Y W) (Wal (@' + d)Wi1) (Yt

=d_ +8d?-3d* +6d'd +3)
=d_+68J_ (B12)
and satisfies
[Hy + 8V, S(w_)] = —hw_S(w_) + 0(8?)
[Ho + 8V, S" (0w )] = howo_ST(w_) + 0(8%). (B13)

Other frequencies will not contribute to the first order. Keep-
ing the order of § we arrive at
Y. D)

a=a,b

£H(0) = i/nv, 0] +

y-(n2 +1)

DY (0) = (@'oj- — NHalJ_, 0})

y-nZ t
5 (J-—od"

+ HJ_d’, 0})

_(n* +1
+y( )

fOd_ —
S (tod

id_, o))

y-nZ

(d-oJf —Hd_Ji,0}). (Bl

Here we defined J_ = (di2 —3d2 +6d'd_+ 3) and the

relaxation rate y_ = y(w_).

a. Response of the observable a’a

To evaluate the response of the observable a’a to the an-
harmonicity, we first need to calculate a’a(t), which takes the
analytic form

ata(r) = Eitata — Lot (did+ +d'd_—u)
— f;ldjd, +f;2x7 +f;3y7 +f;4u+ft5v
+f0did, + fxy + iy + f7.

Here f' are time-dependent functions and we used the short
notation xi = di +dx,y: = i(de —d}),u=d d_+d.d’
andv = i(dld_ — d+di). Since EI acts only on the manifold
(—), the terms of £ to £ will vanish. In order to calculate

o) (1) = (L(a'a(r))),

we are left with evaluating

(B15)

(B16)

Lidid)=—idJ. —Jd +d K —K'd)
+ Z [(d' K- +K'd)
a=a,b

—dJ+J'd)—12n%x_]

Licy=Y %(L FIY =3y % + 1)

a=a,b

L) = 6w_x> +ZM(J_—JD

a=a,b
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@n® 41
Li) = 3w yxd — 37(+)x+
—(n* +1) . .
+ Y %(dij, +dJh
a=a,b
y-(2n* +1)

L) =30 _x,x* +3 3 vy

+ Y wz'(djj, —d.J5),  (B17)

a=a,b

with K_ = 2d"* + 6d2. Upon averaging with respect to the
NESS we are left with

(Li@id ) =0
(Ll =Y 3y-(n* +1)dld)

a=a,b
3y_(3n® + 1)
2
(L) = 120_(d d_) + 6w_

6y (n + 1 .
wiwy = 3 LDty

a=a,b 4
3y-(Bn* + 1)
- )
(L]() =3w_(x;)(2(d d ) + 1), (B18)
and using the steady-state averages
dhd) = n® +n"
- 2
n¢ +n® e\’
did,y=——
( + +> 2 + <ﬁa)+)
£
() = =, (B19)
+
we arrive at the result
¢(-1;~) — ¢(J1_,1) +¢(1,2)
i) = FULT0) + L] )
gor (1) = FHLIGO) + fHLTw),  (B20)
where
2= 2; (cos(a)_r)e’%’ — cos(2gT /h)e” yﬁwr)
w4
f2=———(sin(@_t)e T +sin(2gr/h)e” 2T
L 2h(,()+ - §
1 y—try
A -3 cos(2gt /h)e” 2z T
35 1 . 7V’+y+r
7= ) sin(2gt /h)e” 2 (B21)

APPENDIX C: PERTURBED TWO COUPLED QUBITS

1. Unperturbed system

We derive the master equation for two coupled qubits with
the Hamiltonian Eq. (37). Each of the qubits A and B is

coupled to a heat bath with temperature 7, and T}, respec-
tively, and is given by the Hamiltonian 0 ® R, + 02 @ R,
with R, = Zk Aok (Fy ke + r;_k). The global master equation
reads

d

Tp=—i/hlHo,pl+ Y Y Dy (CD)

x=a,bt==%
with

DEop = vi(nf + 1) (xepx] — 3xi xe. p})

+yenf (xpxe — Hxex) . p}).- (C2)

Here n? = [exp(By fiwy) — 1171, with inverse temperature
of the x bath and wy = w =% g/h. The operators appearing in
Dy, satisfy the relation [Hy, x+] = —fiwsx+ with x =a,b
and

— ZAJB)/Z a_ = (af + oAaf)/Z

Z

A
by = (Uf —afoB)/Z b_ = (of ~|—afoZB)/2. (C3)

2. The limit vV « 77!

In this limit, oscillating terms with frequencies 46<2/% van-
ish and the master equation takes the form

d 4
TP = —i/lilHy + 8V, pl + Y Dip. (€4

i=a,b j=1
with
Djp = v;(n} +1)(8;0S] = 3158}, o})
(s - LSS

Note that each generator Dj has a unique Gibbs-like sta-
tionary state with temperature 7; and frequency w; given in
Eq. (45). According to the proof presented in Appendix D 1,
it follows that the entropy production of the perturbed system
in this example is non-negative.

APPENDIX D: ENTROPY PRODUCTION
AND HEAT FLOWS

1. Entropy production and heat flows of a quantum system
coupled to multiple baths

In the weak-coupling limit, energy and entropy flows from
the baths can be associated to changes in the energy of the
quantum system determined by the partial generators £% of
the o bath. The change in the energy of a quantum system
with Hamiltonian H can be written as

<iH> =Tr[pL'H] = ZTr[pL”TH]

dt
- ZTr[,oD‘”'H] = Z Je.

Since we assume that £L* = —i/A[H, -] + D* is the thermal
generator of the « bath, each £* is a unique Gibbs-like

D)
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stationary state 7% o e #«# and we can write

T = —kgT,Tr[pL In 7] = —kgT, Tr[(L% p) In 7].
(D2)
At steady state the sum of all heat flows vanish as expected.
The change in the von Neumann entropy reads

d

dtS = —kgTr[(Lp)In p].

(D3)
Putting these together we see that the entropy production is
always positive,

d o
O'([) = ES — Xa: Ta
= Z —k,Tr[(L%0p)In p] + kgTr[L% In7%] > 0. (D4)

The inequality follows from the Spohn inequality
—Tr[(Lp)(In p —Inm)] > O that apply to any LGKS gener-
ator with a stationary state 7. Since any L% has a unique
stationary state I1* then also the sum over « in Eq. (D4) is
non-negative.

2. First-order correction of the heat flows

The first-order corrections for the heat flow can be derived
in two ways. In the first, the starting point is by considering the
total energy change of the system. The first-order correction
reads

B TrlpL Hls—o = Trlp1 L§Hol + TrlmoL]Hol + Tr[moL V]

= (LTAJH) + (LJV). (D5)
In the last equality we used Eq. (21) for p;, the relation
3. AjHy = A} LiHo, and taking the integral explicitly. One
can also note that at steady state, p; — 1, the energy change
vanishes as expected. This is an immediate consequence of the
relation Loy = — L7, which holds at steady state. Based on

the first equality in (D5) we can identify the correction from
the o bath:

TP = Te[pi L5 Ho| + Tr[mo L3 Ho| + Tr[mo L V]
t
= —kpT, (/ (CIA{L Inm)dT + (£ In 713‘))
0
+(L5Tv). (D6)

The second approach is by expanding Eq. (D2), which
gives

Tt = 05T %ls=0
t
= —kgT, (/ (CIAS Ly Inn)dT + (£ In 718‘))
0
— kBTa<£gT35 Inm¥ |5=0), (D7)
where ¢ is the new steady state of the generator L£%. As-

suming the o-bath generator £* has a unique stationary state
7% o e PeHo V) Eqs. (D6) and (D7) become identical.

3. First-order correction of the entropy and entropy production

To prove Eq. (52) for the first-order correction of the von
Neumann entropy, we note that

d
S1 = 058[s=0 = —kpTr[p1 In 0] — K, Tr |:,0% In P|ao:|

= —kgTr[p; Inmp]. (DY)

To show that the term Tr[p%lnmg:g] =0, we use the
expansion

P> a5

1 _, dp
— , , — cee D9
+3p [p [p d5i|i|+ (D9)

the trace property, and the fact that Tr[p;] = 0.
Taking the time derivative and keeping first-order correc-
tions, we arrive at

d dp 1 _, dp
)—Inpl) =— + - =
p( )da np(é) 75 T2° [ }

d
o = —kp(Tr[Lo(p1()) In7r0] + Tr[Ly (7o) In 70 ])

t
= —k3</ (LIAS L InmoydT + (L] lnm)))
0

—kp(LTAN () In 7). (D10)

In the second equality, we used Eq. (21), and in the last equal-
ity we used Af(t)L)Inmy = %Ag(r)ln mo and AJ(0) = 1.
Assuming the existence of a new new stationary state, one
can note that for + — oo the derivative j—[S] =0. To see
this we assume p;(c0) = m; such that L(;rg + 1) = 0. Then,
Lom; = — L7, which implies that for long enough times the
first line in Eq. (D10) vanishes.

The first-order correction to the entropy production o () is
now given by

d J
n=Sg S 2
o1(t) Rl ;Ta

= —kg Z Tr [ﬁg(,ol(t)) In no] + Tr [ﬁ‘f (79) In no]

kg Y Te[ L5 (o1 (1) Inl ] + Tr[ L (o) In 7]
+ Tr[ L5 (70)05 In 7|52 |
t
= —kgp Z/ (LIAS LY (Inmo — In7g))dT
« Y0
+(£5 (Inmo — In 7)) — Bo(LGTV). (D11)

It is worth noticing that at equilibrium (single bath), the first
order of the entropy production o (#) = 0. The change in the
von Neumann entropy equals the entropy flow from the bath.
For nonequilibrium systems this is no longer the case.
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