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Master equations under appropriate assumptions are efficient tools for the study of open quantum systems.
For many-body systems, subsystems of which locally couple to thermal baths and weakly interact with each
other, the local approach provides a more convenient description than the global approach. However, these local
master equations are believed to generate inconsistencies with the laws of thermodynamics when intersubsystem
interactions exist. Here we develop an alternative local master equation by virtue of similar approximations used
in deriving the traditional Gorini-Kossakowski-Lindblad-Sudarshan master equation. In particular, we stick to
using eigenstates of each subsystem to construct quantum jump operators, and the secular approximation is also
employed to modify the intersubsystem interactions. Our results show that violations of thermodynamic laws
will be avoided after correcting intersubsystem interactions. Finally, we study a two-qubit heat transfer model
and this further shows the validity of our modified master equation.
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I. INTRODUCTION

The theoretical description of open quantum systems is
a subject of both fundamental and practical importance. On
the one hand, quantum systems cannot be completely isolated
from the environment; on the other hand, external apparatuses
are needed to manipulate and control the quantum system
of interest. There have already been various well-established
treatments of open quantum systems [1-4], and they have
been applied to many fields, such as quantum optics [3,5],
quantum thermodynamics [6-9], quantum chemistry [10,11],
and quantum information [12,13].

For Markovian cases where memory effects of the envi-
ronment can be neglected [14—18], the Gorini-Kossakowski-
Lindblad-Sudarshan (GKLS) master equations are widely
used to describe the dynamics of quantum systems [19-25].
For quantum systems which are composed of several inter-
acting subsystems, two main approaches [26—34]—the global
approach and the local approach—are developed to describe
the time evolution. The global approach is based on eigen-
states of the whole Hamiltonian which is composed of the
Hamiltonian of each subsystem and the interaction between
subsystems. Although it is thermodynamically consistent,
those eigenstates and eigenvalues are difficult to get, espe-
cially for large-size systems. In contrast, only the eigenstates
of each individual subsystem are needed for the local ap-
proach, which holds in the weak intersubsystem coupling
regime [26]. However, the local approach was criticized for
violating the thermodynamic laws. In Refs. [35,36], the au-
thors show that the local approach will result in heat currents
spontaneously flowing from the cold bath to the hot bath,
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and thus violates the second law of thermodynamics. The
origin of this violation is found to result from the error of
approximations made in previous local treatments [37]. Re-
sorting to artificial microscopic collisional models [38—40],
one finds that after considering the extra work required to
maintain collisions, the violation of the second law can be
avoided. Sticking to physical models, rescaled Hamiltonians
are used to derive thermodynamically consistent master equa-
tions [41-43], which, in fact, are still global master equations.
In addition, Ref. [44] shows that by redefining the heat cur-
rent, the violation can also be avoided.

Here, we introduce an alternative GKLS local master equa-
tion with thermodynamical consistency. In particular, we truly
stick to the local picture, that is, we use eigenstates of each
individual subsystem to construct the quantum jump operators
and apply a local definition of the heat current. Moreover, sim-
ilar approximations as in deriving the familiar GKLS master
equation are used. Therefore, our equation shares the advan-
tage of a local approach and has a similar application scope
with the familiar GKLS master equation. The main idea of
our work is that we apply the secular approximation [3,4] to
eliminate some components of the intersubsystem interaction.
Those redundant components do not contribute to the time
evolution of the open quantum system in the weak coupling
limit, and the remaining part of the intersubsystem interac-
tion plays the role of producing transitions in the degenerate
eigensubspace of the Hamiltonian H; = ), H;, which is the
Hamiltonian of the system without intersubsystem interac-
tions [see Eq. (1)]. In this sense, it is natural to define the local
heat current directly using the noninteracting Hamiltonian
H; [see Eq. (12)]. Based on this definition of the local heat
current, we generally show that our modified local master
equation satisfies the first and second laws of thermodynam-
ics at the same time, and then solves the problem raised in
Refs. [35,36].

©2023 American Physical Society
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II. THE MODIFIED LOCAL MASTER EQUATION

We begin by considering the case that a system S is com-
posed of n subsystems sy, s2, ..., S,, which weakly interact
with each other, and each of which is weakly coupled to a bath
bi(i=1,2,...,n). Note that this is a general case for which
the local GKLS master equation is suitable. In such a scenario,
the total time-independent Hamiltonian can be written as

H = "(H;+ Hp, + Vi) + aHj, ()

i=1

where H; is the Hamiltonian of the subsystem s;, H, is the
Hamiltonian of the bath b;, aVjy, is the interaction between s;
and b;, and the intersubsystem interaction is denoted as aHj,
which may be composed of two-subsystem interactions, three-
subsystem interactions, etc. Here, « is a small dimensionless
parameter, which accounts for the weak coupling strength,
and we assume that the intersubsystem interaction and the
system-bath coupling are of the same order of magnitude.
However, we emphasize that our treatment is not restrictive
to this assumption, and the case that strengths of V;,, and H;
are different is considered in Appendix A.

The time evolution of the whole system (including baths)
is described by the von Neumann equation, which, in the
Schrodinger picture, can be written as

g p(t) = —i[H, p(r)]. 2)

It is easy to derive the quantum Markovian master equation in
the interaction picture, thus we transform Eq. (2) through
the unitary transformation generated by the noninteracting
Hamiltonian Hy = Z?:l (H; + Hp,). After this transformation,
Eq. (2) becomes

Ap(t) = —ia [Z Vin, (1) + Hi (2), i)(t)], 3)
i=1
where operators in the interaction picture are defined as
O(t) = e Qe with O being the operator in the
Schrodinger picture.
Following the standard routine, we integrate Eq. (3) once
and get

t n
pt) = p0) — ia/ dr’ [Z Vin, (t") + Hy (t), Z)(t’)}- “4)
0 i=1
Then, insert Eq. (4) into Eq. (3) and keep terms up to the

second order of the small parameter . For scenarios where

J

the correlation time t;, of the bath is small compared to the
relaxation time of the open system, the bath will continuously
lose the information of the connected system, and then the
Markov approximation can be used to simplify the calcula-
tion. As a result, the dependence on the past state p(z’) can be
neglected, and one gets

0,5(t) = —ialAm(t), PO)]
_? / dt' (i), (i), 5OT), (5)
0

where, for brevity, we let Hiy (t) = Y i, Vi, (1) + H;(t). Due
to the weak coupling between the system and the bath, the
influence of the system on the bath can be neglected, and this
treatment is the so-called Born approximation. Thus, the state
of the total system can be approximately written as p(t) =~
Ps(t) @ []; 7, where py(z) is the reduced density matrix of the
system and t; is the stationary state of the bath b;. Note that the
system-bath coupling V;;, can be generally written as Vi, =
2o A ® B! [3,4], where A" and B!' are Hermitian operators
of the system i and the bath b;, respectively. Taking trace over
the baths and assuming that Tr(r[Bf‘ ) = 0 [45], one arrives at

3 ps(t) = — ia[H (1), ps(0)]

— o [ artEo. ). po)
0

a2 3 [ TtV 00,10, 201 ©)
i 0

where those cross terms, such as Trb(ﬁIVibi,Z)) and
Try(Vip,Vin, p) (i # j), vanish due to Tr(t;B}") = 0.

Focusing on similar circumstances with the traditional
GKLS master equation, we can further apply the secular
approximation. The resulting equation of motion will be the
generator of a completely positive and trace-preserving map.
To this end, we decompose those operators acting on the
Hilbert space of the system S in the eigenbasis of H; =
>, H;. For instance, the decomposition of the intersubsys-
tem interaction H can be expressed as

Hi(t) = &% Hie™™ =7 " ™ Hy(w), )

where Hy(w)=>_. _, _,T(en)HTI(e,) with TI(e) being
the projector on the eigenspace associated to the energy ¢ of
H;. Substituting those interaction operators of the decompo-
sition form into Eq. (6) and doing the integration once again,
one obtains

Ps(u) = ps(0) — i f di Yy e ' [Hy(), py(0)] — o / dry " e {Hy(w). [Hi(), ps(1)]} / dt'e™"
0 > 0 o 0

—i—alel/udt
i=1 V0

w1,V

Y AN @)B (AT () — AT ()AL (@)Bs()] T (@) + Hec., ®)

where H.c. stands for the Hermitian conjugated expression, A!* "(w) = Al'(—w), and T} (') is the one-sided Fourier transfor-

mation of the correlation function of the bath b; and is defined as

(o) = / oodt/ei‘“/’/Tr[t,»Bﬁ‘(t/)B}’(O)], 9)
0
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where we have taken the integral upper limit to infinity based on the fact that the correlation of the bath will decay rapidly [3].
In order to reveal those dominant terms, following the standard procedure for deriving the GKLS form [4], we define rescaled

times T = at, T’ = at’, and 0 = au. Then, Eq. (8) becomes

Py = p0) i / adrgje—fi‘!f[fl,(w), Bi(0)] — /0 ’ dfgu;e—i‘:f{m(w), (1), 2:(5)]) fo vt

0

+ai/gdr
i=1 70

[ORCINTRY

Taking the weak coupling limit « — 0 while keeping o and
7 finite, those terms satisfying |w| > O(a), |o'| > O(a),
and | — o'| > O(a) vanish due to the Riemann-Lebesgue
lemma [4], which states that the integration of a highly oscil-
lating function over a finite interval approaches zero. At this
stage, it is not enough to obtain the GKLS form. Thus, we
introduce further assumptions: |w| > O(«¢) and |w — @'| >
O(a), which, roughly speaking, means our equation holds for
scenarios where the energy spectrum of H is sparse. Then,
in the first and second lines of Eq. (10), only the w = 0 and
@' = 0 contributions should be kept, and in the third line
of Eq. (10), only the w = ' contributions should be kept.
This treatment is usually known as the secular approximation
[3,4]. Different from other derivations of GKLS-form master
equations, here the secular approximation is used to treat not
only the system-bath coupling but also the intersubsystem
interaction.

Finally, returning back to the original time variable (u, ¢, ¢')
and turning to the differential equation in the Schrédinger
picture, one obtains (see Appendix A for more details)

0, ps = —ilH, + &’ Hs + aH;(0), p] + o Y Dilp, (11)

i=1

where H;(0) = H;(w = 0), and

His =Y S"(@Al (@A} (),

i,o,u,v

Dilpd =Y ¥ (@Al (@)p:A}" (@)

[ONTIRY

1
~5 > v (@){A]T (@Al (), ps}

[ONTRY

are the Lamb shift and the dissipation operator of the subsys-
tem s;, respectively. Here, we have let I'/"" () = %yi”“” () +
iS""(w). Equation (11) is the modified local master
equation that we derived. One notes that this equation is still
in the GKLS form and only the intersubsystem interaction is
modified. In the next part, we will generally show that this
equation satisfies the first law and second law of thermody-
namics at the same time.

Here, we end this part with some notes about the modified
master equation. (i) In the derivation of our modified master
equation, we apply similar approximations as one did in deriv-
ing the traditional GKLS master equation—the second-order
approximation, the Born-Markov approximation, and the sec-

o

Y At (2)ar @) — AT @Al @ (D) @) + e, o

o

(

ular approximation. One key difference is that the secular
approximation is also applied to modify the intersubsystem
interaction here. Hence, in addition to |w — @'| 3> O(«), the
secular approximation imposes another constraint for our
equation, that is, those nonzero energy gaps of each subsystem
should be larger than the coupling coefficient & [|w| > O(a)].
Since we apply similar approximations as the familiar GKLS
master equation, it is reasonable that there are no contradic-
tions between these approximations in our derivation, and our
equation is valid for scenarios which satisfy the corresponding
constraints imposed by those approximations. (ii) In order to
use the secular approximation, we decompose operators in
the eigenbasis of H. This makes the sparse spectrum con-
dition [Jw| > O(a) and |w — o'| > O(«)] stricter because
intuitively the spectrum of H; will be quite dense for large
n (the number of subsystems) even though the spectrum of
each subsystem is sparse. However, the decomposition basis
will actually reduce to the eigenbasis of the Hamiltonian
of several subsystems and the corresponding spectrum will
be sparser. For example, the decomposition basis of A! in
the system-bath coupling will reduce to the eigenbasis of
H;, and this also reflects the local feature of our equation.
(iii) In order to eliminate those terms that satisfy |w| >
O(a), @] > O(a), and |w — &'| > O(a) in Eq. (10), we
take the weak coupling limit « — O while keeping o finite.
The finite o implies that O(«¢) < 0 < O(1/a), or else the
Riemann-Lebesgue lemma can no longer be applied in the
weak coupling limit (as the integration interval is not fi-
nite when we take « — 0). Therefore, the working timescale
of Eq. (11) should be max{O(1), O(1;)} Kt € O(1/a?),
where 7, is provided by the Markov approximation. One
should note that the traditional GKLS master equation has
a similar working timescale as well, which is also generated
by the secular approximation and the Markov approximation.
@iv) In Eq. (11), we express the contribution of H; through
the commutator [aH;(0), ps]. Following the procedure in
Egs. (3)~(5) and up to &, it is equivalent with the contribution
of H; in Eq. (10) (modified by the secular approximation). As
H;(0) = >, T1(¢)H,TI(¢), we know that the effect of H;(0) is
producing transitions between energy levels in the degenerate
eigensubspace of H;. (v) In the weak coupling limit, the order
of magnitude of the energy shift resulting from the Lamb shift
a’Hyg is O(a?), while the sparse spectrum condition requires
that the energy gap w should satisfy |w| > O(«). Therefore,
the contribution of the Lamb shift to the energy level can be
safely ignored for those cases to which our modified local
master equation is applicable.
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III. THERMODYNAMICAL CONSISTENCY

We then show that our local master equation is si-
multaneously consistent with the first and second laws of
thermodynamics. In the following discussions, the Lamb shift
is ignored, as mentioned above.

One notes that after doing the secular approximation, the
weak intersubsystem interaction produces transitions in the
degenerate eigensubspace of Hy. In this sense, the local heat
current should come from the transition between energy levels
of Hy. Thus, it is natural to define the local heat current flowing
from bath b; to the system as

0i = &> Tr{H,D;[ ps(1)]}. (12)

This definition is also used in Refs. [38,46]. Since the tran-
sition in the degenerate eigensubspace does not cost extra
energies, for a system without external power, the dynamical
version of the first law can be expressed as

E, =) 0, (13)
i=1
where
E, = iT [H, ps()] (14)
s—dt IO

is the change rate of the internal energy. We now show that
Eq. (13) (the first law of thermodynamics) holds for our mod-
ified local master equation.

Using the local master equation (11) and ignoring the
Lamb shift, the left-hand side of Eq. (13) will be

E, = Tr{—iH,[H, + a¢H;(0), p;]} + o> Y Tr(HDi[p;])

i=1

=Y 0 (15)
i=1

which proves Eq. (13). Note that in the third equality, we have
used the equation Tr{H[H; + aH;(0), ps]} = 0.

For the entire setup that contains the baths and the subsys-
tems, the second law of thermodynamics can be described by
the irreversible entropy production,

n

ds .
=2 B0 >0, (16)
i=1

where B; denotes the inverse temperature of the bath b;, and
S = —Tr(ps In py) [12] is the entropy of the system S. In the
following, we will show how to produce Eq. (16) from our
modified local master equation. The derivations are similar to
those in Ref. [44].

According to the definition of the entropy S and the local
master equation (11), the time derivative of S can be expressed
as

das
dt
where L is the Liouvillian superoperator and defined as

= _Tr(‘c[)os] In ps)v (17)

Llps] = —ilH, + aH/(0), p] + > Y Dilp].  (18)

i=1

We further introduce a partial superoperator £,

L'lp] = —ilH,, ps] + o> Y Dilps]. (19)

i=1

Note that 7, = [ ], exp(—B:H;)/Z, with Z being the partition
function, is the steady state of the partial superoperator L',
that is, £'[t;] = 0. Applying the Spohn’s inequality [47] to
the partial superoperator L', one gets

_Tr([’/[ps] In ;03) > —Tr(/:/[,os] In Ts)~ (20)

Inserting the explicit expression of t, into the right-hand side
of Eq. (20), one has

—Tr(L'[p]Intg) = & Y BTr(HD;lps])

i=1
=) B0 @1)
i=1

The left-hand side of Eq. (20) can be rewritten as

— Tr(L'[ps]1n py)
= —Tr(L'[p]1n p,) + iTr{[oH; (0), p,]1n )
= —Tr(ﬁ[pv] ln pY)

ds
= (22)
where, in the second equality, we have used the iden-
tity Tr{[H;(0), ps]1n ps} = 0. Combining Eqgs. (20)-(22), the
second law of thermodynamics, given by Eq. (16), can be
obtained. And thus, we recover the thermodynamical consis-
tency in our local master equation.

IV. TWO-QUBIT HEAT TRANSFER MODEL

As an example of our local master equation, we consider a
two-qubit heat transfer network [26,31,43]. This model con-
tains two qubits, each of which couples to a large bosonic bath
with temperature 7; (i = 1, 2). The total Hamiltonian reads

2
H =H,+aH + Y (Hy, +aVy,). (23)

i=1

where Hy = (Ejof + E»05)/2 is the bare Hamiltonian of the
two qubits, aH; = ao{oy is the weak intersubsystem inter-
action, Hp, = fooo dw wa;r (w)a;(w) is the Hamiltonian of large
baths b;, and aV;;, = fooo dwoehi(w)of[aj(w) + a;(w)] is the
weak coupling between qubit i and bath b;. w is the energy
of bosonic modes in the baths, ah;(w) is the coupling func-
tion, and a;(w) denotes the bosonic annihilation operator. For
energies of the two qubits, E; and E;, one can always tune
them into the regime satisfying the sparse spectrum condition.
Therefore, this example is a suitable platform to apply the
second-order approximation, the Born-Markov approxima-
tion, and the secular approximation, and thus our equation can
be used to treat this model.

For the case that Ey = E, = E, {|10), |01)} in the basis of
o is a degenerate eigensubspace of the Hamiltonian H,. Thus,
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the intersubsystem interaction H; will be modified to be
Hi(0) = 0] ® 05 + 0 ® 05, (24)

where ot = (6% £ i0?)/2.

Here, we study the behavior of the steady state in this
model through our modified local master equation. Note that
in the steady state, Eq. (11) becomes

2
0 = —i[H, + aH/(0), pss] + o> Dilpssl, (25

i=1

where p; is the density matrix of the steady state, the Lamb
shift has been ignored, the condition that Tr(t;B!) =0 is
satisfied, and D;[ p,,] reads

Dilps] =21k} (EImi(E)+ 1[0 psso;” — 30770, pss}]
+ 277:h[z(Ei)ni(Ei)[aierst; - %{O';O’ﬁ, pS‘Y}]7
(26)
where n;(w) = 1/(e#® — 1) is the Bose-Einstein distribution
of the bosonic bath.
Combining Egs. (25) and (26), the steady state can be

obtained. And then using Eq. (12), one can get the heat current
flowing from the bath b, to the qubits, that is,

ePE _ oPE

F,
(ePE+ 1)(ePE +1)

01 = 27
where F is a positive function. The heat current flowing from
bath b, to the qubits can be derived in a similar way and
can be expressed as Qz = —Ql. Since Q1 + Q2 = 0 and the
change rate of the internal energy is zero, it is obvious that
the first law of thermodynamics is satisfied. One also finds
that when 8, < 8, Q1 > (0 and Q2 < 0, which means that the
heat current flows from the hot bath to the system, and then
to the cold bath. This process conforms to the second law of
thermodynamics.

As for E| # E,, the intersubsystem interaction dose not
contribute to the local master equation, and then it reduces
to two separated local master equations—one for the qubit
1 and the bath b; and one for the qubit 2 and the bath b,. In
the steady state, Q1 = Q2 = 0, which means no heat current
exists between these two baths. This case is also consistent
with the second law of thermodynamics, as now two baths are
disconnected.

This result can be interpreted through the following pic-
ture. In the local approach, subsystems are localized and
do not form collective modes, thus the weak intersubsys-
tem interaction can be regarded as external operations but
without implementers. As implementers do not exist, those
fake external operations can be implemented only if they do
not cost extra work. This is similar to the idea of a self-
contained refrigerator (not requiring external sources of work)
[46]. Therefore, only H;(0), which produces transitions in the
degenerate subspace, will contribute to the evolution. Since
now those unphysical processes encoded in Hj(w # 0) are
excluded, it is obvious that the second law of thermodynamics
will not be violated.

V. CONCLUSION

In this work, we have presented an approach to derive an al-
ternative thermodynamically consistent local master equation,
which works when the spectrum condition and the timescale
condition are satisfied. Based on a concise and natural defini-
tion of the heat current, we generally prove that the modified
local master equation fulfills the first and second laws of ther-
modynamics at the same time. This good property suggests
that our modified local master equation may be a more suit-
able method to deal with weak-interacting systems, especially
when the thermodynamic properties of open quantum systems
are considered.
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APPENDIX A: DETAILS ABOUT THE DERIVATION OF THE MODIFIED LOCAL MASTER EQUATION

In this section, we show more details about the derivation of our modified local master equation and discuss the case in which
strengths of the system-bath coupling and the intersubsystem interaction are different.
Here, we consider a more general time-independent Hamiltonian of the total system,

H =" "(H; + Hy, + BVis,) + aH},

i=1

(AL)

where « and § are different interaction strength, but both in the weak coupling regime. In the interaction picture, after doing
the second-order approximation with respect to «, 8 and the Born-Markov approximation as we discussed in the main text, one

arrives at Eq. (6) in the main text, and we also show it here:

3 ps(t) = —ia[Hy (2), ps(0)] —a2/ dr'{H(t), [H; (), bs(1)]} —/322/ dt"Trp{Vip, (1), [Vip, (), Bs()1}. (A2)
0 — Jo
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In the derivation, one will encounter cross terms, such as Tr;,(H,V;, p) and Try(Viy, Vi, #) (i # j). Here we briefly show how they
vanish due to Tr(z;B!) = 0

Ty Vi, (OH; (D)) = Try | DAl () @ B O )51 ® [ [ 75
~ 4

—ZA“(t)HI(r 0Bs(t) - [ ] Tro, (z) - T, [l (1)]

J#L
= ZA“(r)Hz(t ps(t) - [ [ Tro, (z) - Ty, [w:BY]
J#i
=0, (A3)

where the third equality is due to the fact that 7; is a stationary state of the bath b;, that is, [Hj,, 7;] = 0. Other cross terms can be
calculated in a similar way.

To ensure that the equation of motion is the generator of a completely positive and trace-preserving map, we further apply the
secular approximation. To this end, we decompose those operators acting on the Hilbert space of the system S in the eigenbasis
of H, = )", H; [see Eq. (7)]. One notes that the decomposition basis, which is formed by the eigenstates of Hj, will reduce to
eigenstates of each subsystem, that is, eigenstates of H;. Thus, our master equation is indeed a local approach.

Substituting those interaction operators of the decomposition form into Eq. (A2) and doing the integration once again, one
obtains

) = 0) i [ a3 @), 50 - [ i Y ). @), PO [areer

+p Z f di ) A @A (@) = AT (@A} (@), ()] (@) + Hee. (A4)

[ORGNTRY

Following the standard procedure for deriving the GKLS form [4], we define rescaled times 7 = af, v/ = at’, and 0 = au. We
have assumed that @ > 8 and one can treat the « < B case similarly. Then, Eq. (A4) becomes

bs(g) = bs(O)—i/: dt Xw:ei:r[H,(w),ps(o)]_/o dTZe i T{Hl(w) [Hl(a)) 5 }/‘ g

Z/ dv Y & [A“(w)p( )A”*(w) A”T(cu)A“(a)),Q( )]r‘”(w)juHc (A5)

[ORONTRY

Taking the weak coupling limit « — O while keeping o and 7 finite, those terms satisfying |w| > O(), |@'| > O(«), and
|w — @'| > O(a) vanish due to the Riemann-Lebesgue lemma [4]:
Lemma 1. Let f(t) be integrable in a finite interval [a, b], then

b
lim | dte™f(t)=0.
X—> 00 a

In the main text, we introduce further assumptions: |w| 3> O(«) and |w — @’| > O(«). Then, in the first and second lines of
Eq. (A5), only the @ = 0 and &’ = 0 contributions should be kept, and in the third line of Eq. (A5), only the w = @' contributions
should be kept.

After the secular approximation, one arrives at

2.(2) =0 i [ anttno). o1~ [ arfmon [morn(2)]} a1
Z/ ey A”(a))ps( )Ay*(w)—Ay*(w)Af‘(w)pSG)]r#”(w)+H.c. (A6)
-

By defining rescaled times, we connect the energy gaps with the coupling strength and reveal the dominant terms for the
evolution. This treatment is analogous to the regularization procedure in eliminating infinity in quantum field theory. Returning
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back to the original times, we have

ps(u) = py(0) — iau[H;(0), ps(0)] — az/ drt[H;(0), [H(0), ps(1)]]
0

+87> /0 " > [A @) ()A] (@) — AT (@A ()5, ()T (@) + Hee..
i=1

[ONTIRY

Rewriting the above equation in the differential form, we have

3 ps(t) = —ia[H(0), ps(0)] — «*t{H,(0), [H;(0), ps(1)]}

+ 82 Y [Al@)bs()AY (@) — A ()AL (0)p:(1) T (@) + H.c.

i=1 w,u,v

= —ia[H;(0), ps(0)] — azfo dt1{H;(0), [H;(0), ps(0)]}

+ 82 Y [Al@)ps()AY (@) — A ()AL (0)p:(1) T (@) + H.c. (A7)

i=1 w,u,v

This equation can be further approximated as

8,75(1) = —ialHy(0), 5] + B2 Y 3 [A@)p(DA (@) — A (@)AL ()5, (1) T (@) + Hec. (A8)

i=1 w,u,v

The error of this treatment is about O(c). As the leading order of H; is O(), O(a?) errors have very limited contributions.
We now prove that Eq. (A8) differs from Eq. (A7) up to O(a?). Integrating Eq. (A8) once, one gets

p(t) = 7,(0) — icx fo dr'[H(0), oo+ 2> Y /0 dr' [AY (@)p,(1)AY (@) — A} (@)AY (@)p,(1)] T (@) + He. (A9)

i=1 o,u,v

Substituting this into [H;(0), p,(¢)] in Eq. (A8) and keeping terms up to «?, one has

9, ps(t) = —ia[H;(0), ps(0)] — 012[ dt'{H;(0), [H;(0), ps(t")]}
0

+ 82 Y [Al @) ()AY (@) — A (@A (0)p:(1)] T (@) + H.c. (A10)

i=1 w,u,v

The Markov approximation thus leads to Eq. (A7).
Finally, letting T'/"" () = 1/ () + 5" () and then returning to the Schrodinger picture, Eq. (A8) becomes

3 ps = —i[H, + B*Hys + aH(0), ps] + B* Y Dilps. (Al1)

i=1

We thus obtain the modified local master equation for o # B, and it is in the same form as Eq. (11) in the main text.

APPENDIX B: STEADY STATE OF THE PARTIAL LIOUVILLIAN SUPEROPERATOR

In this section, we show that 7, = [ [, exp(—pB;H;)/Z is the steady state of the partial Liouvillian superoperator £'. Before
rigorously proving this statement, we first provide a physical interpretation. When the system is in contact with a bath,
temperatures of the system and the bath will reach the same value. At this time, the steady state of the system will be the
thermal equilibrium state. This is similar to the derivation of the canonical ensemble in statistical mechanics.

We now provide a brief proof to illustrate this. In order to show that 7, = [ [, exp(—pB;H;)/Z is the steady state of L', we need
to show £'(z;) = 0. Since 7, commutes with H; = Zi H;, that is, [H,, t,] = 0, we just need to prove

> y,»“”w){Aﬁ%w)nAf*(w) - %[A,»“Ww)Af‘(w), fs]} =0. (B1)

[CNTRY

Since w and —w appear in pairs, Eq. (B1) then reduces to

> {yﬁ”(w)Aﬁ‘(w)rsA;T(w) - %ym_w)[Ay*(_w)Ay(_w), rs]} =0. (B2)

[ONTRY
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Given that t, = [ [, exp(—B;H;)/Z, Eq. (B2) can further reduce to

CNTRY

Substituting A (w) = >

En—Em=w

V@Al @) AT @) = v (@) Y TEnA] Tie,)e M

En—Em=0

> {yi“”(w)A;r‘(w)eﬂfoA;*(w) — %yi“”(—w)[A;*(—w)A;‘(—w), eﬂf”f]} =0. (B3)

I(e,)ALTI(g,) into the first term, one will get

Y T(eATICE;,)

/ ’ —
Ep—E,=w

=y (—w)eP® Z Z (e,)AFTI(e,)e PHiTI(e] AV TI(EL,)

En—Em=W &), —¢&), =W

=y (o) Y Y e PO (E)AL T, T(en)AY TI (), ), (B4)

En—Em= £, —&), =W

where the second equality is due to the detailed balance condition: yi” "(w) = yi"" (—w)efi® [3,48]. Similarly, the second term in

Eq. (B3) becomes

2

LY o)A (o)Al (o), e} =y () ) O, A I, TT(e)ALTI(E,).  (BS)

En—Em=0 &, —¢) =w

Together with Eq. (B4), we have

W,V

=Y ¥ (e
v

DR G
7Y

En—Em=W £,—€), =W

En—Em=W £,—E), =W

Y @A @ AT @) 3 Y r o AT ol (o), )
W,V
Yo ) e P (e)ALTI(e,)TT(e,)A] TI(E),)

Do) e P O(e,)A! (e, TT(e,)AL TI(E,)

=YY Y v o) PO M(e,)AL TI(E,)AL TIE,) — T(en)A! TI(e,)AL TI(E),)]

I,V En—Em=W £,—E], =
= 0.
Therefore, Eq. (B3) and then Eq. (B2) can be proved.

(B6)
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