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Marcin Eobejko®,? Marek Winczewski®,> Gerardo Sudrez®,” Robert Alicki,” and Michat Horodecki’
Unstitute of Theoretical Physics and Astrophysics, Faculty of Mathematics, Physics and Informatics, University of Gdarisk,

80-308 Gdarisk, Poland
2 International Centre for Theory of Quantum Technologies, University of Gdarisk, 80-308 Gdarisk, Poland

® (Received 2 April 2024; accepted 20 June 2024; published 29 July 2024)

If a quantum system interacts with the environment, then the Hamiltonian acquires a correction known as the
Lamb-shift term. There are two other corrections to the Hamiltonian, related to the stationary state. Namely, the
stationary state is to first approximation a Gibbs state with respect to original Hamiltonian. However, if we have
finite coupling, then the true stationary state will be different, and regarding it as a Gibbs state to some effective
Hamiltonian, one can extract a correction, which is called “steady-state” correction. Alternatively, one can take
a static point of view, and consider the reduced state of total equilibrium state, i.e., system plus bath Gibbs
state. The extracted Hamiltonian correction is called the “mean-force” correction. This paper presents several
analytical results on second-order corrections (in coupling strength) of the three types mentioned above. Instead
of the steady state, we focus on a state annihilated by the Liouvillian of the master equation, labeling it as the
“quasi-steady state.” Specifically, we derive a general formula for the mean-force correction as well as the quasi-
steady state and Lamb-shift correction for a general class of master equations. Furthermore, specific formulas
for corrections are obtained for the Davies, Bloch-Redfield, and cumulant equation (refined weak coupling). In
particular, the cumulant equation serves as a case study of the Liouvillian, featuring a nontrivial fourth-order
generator. This generator forms the basis for calculating the diagonal quasi-steady-state correction. We consider
spin-boson model as an example, and in addition to using our formulas for corrections, we consider mean-force

correction from reaction-coordinate approach.
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I. INTRODUCTION

As is well known, when a system interacts with its environ-
ment, it not only undergoes dissipative but also experiences
the renormalization of Hamiltonian dynamics, leading to the
so-called Lamb-shift corrected Hamiltonian [1,2]. Further-
more, for finite coupling strength with a single heat bath,
the equilibrium state of the open system’s dynamics will
(assuming ergodicity [1,2]) deviate from the Gibbs state of
the noninteracting system Hamiltonian. Instead, it is widely
believed, and in many cases confirmed, that the appropriate
candidate for the steady state is the reduced state of the total
equilibrium, encompassing both the system and the environ-
ment (see Ref. [3] and references therein). Generally, this can
be regarded as a Gibbs state with respect to some effective
Hamiltonian, referred to as the “mean-force” Hamiltonian.
The state is called the “mean-force Gibbs” state. Similarly,
one can deduce a Hamiltonian from the true steady state
(referred to as the “steady-state Hamiltonian), with the ex-
pectation that the two Hamiltonians, i.e., the mean-force and
the steady-state Hamiltonian, are equal (see, in this context,
Refs. [3-10]).

If the coupling with the environment is weak, albeit fi-
nite, then all the three Hamiltonians mentioned above.! take
the form of the original (i.e., bare) Hamiltonians plus a

li.e., Lamb-shift corrected, mean-force Gibbs-state Hamiltonian,
and the one deduced from the steady state.
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correction term. Investigating these corrections is currently
the subject of intense research [3,9,11]. The primary challenge
in analyzing and comparing these corrections lies in the neces-
sity of employing approximations in description of an open
quantum system, resulting in more or less accurate master
equations (ME) [1,2]. In this context, our goal is to ensure
that these master equations yield a steady-state Hamiltonian as
close as possible to the mean-force Hamiltonian, particularly
up to the second order in coupling strength.

The objective of this paper is to present analytical re-
sults regarding the three types of corrections to the bare
Hamiltonian, up to second order (in coupling strength) for
a specific class of open system models (in a previous work
mostly the corrections to states have been provided, see, e.g.,
Refs. [6-10,12—-14]). As previously mentioned, we are dealing
with three types of corrections: the Lamb-shift, mean-force,
and steady-state correction. However, obtaining the steady-
state correction is particularly challenging, so we opt for an
alternative approach. Specifically, we analyze the Hamiltonian
not derived from the steady state, but from a state annihilated
by the generator of the dynamics. Since this state is likely
to be equal to the true steady state (for instance, this holds
true for a time-independent Liouvillian), we refer to it as the
“quasi-steady” state, along with its corresponding Hamilto-
nian correction.

An important motivation for considering Hamiltonian cor-
rections instead states corrections is that the Hamiltonian
corrections might be useful for those looking at effective
Hamiltonian theories [15,16]. Our approach might help extend

©2024 American Physical Society
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these effective Hamiltonians into the continuous frequency
regime, also it might prove useful in the context of the fluctu-
ation dissipation theorem where the mean-force Hamiltonian
is sometimes computed [17,18].

Here are our most general results that do not involve any
particular master equation. We derive:

(i) The general form of the second-order mean-force cor-
rection for an arbitrary open system, a result previously known
only for specific couplings. This form has also been indepen-
dently derived by G. Timofeev and A. Trushechkin [19].

(i) The off-diagonal elements of the quasi-steady-state
correction for a relatively broad class of master equations ex-
pressed in terms of their Kossakowski matrix.

Additionally, our formulas for the above corrections ex-
plicitly reveal their relations with the Lamb-shift correction.

Next we focus on three major descriptions of open sys-
tems: Davies ME [20,21], Bloch-Redfield ME [22,23], and
cumulant equation (also known as refined weak coupling)
[24-26]. It is important to note that, unlike Bloch-Redfield,
both Davies and cumulant equations provide completely pos-
itive evolution. We demonstrate that for a general coupling,
the Bloch-Redfield and cumulant equations predict the off-
diagonal elements of a correction to the quasi-steady-state
Hamiltonian that coincide with those of the mean-force
(previously known only for specific models, as seen in
Refs. [6,8-10]). In contrast, the off-diagonal elements of
quasi-steady-state correction for the Davies equation aligns
with the nonstandard Lamb-shift correction, namely the one,
for which secular approximation is not done (indeed, to obtain
completely positive dynamics, is is enough to apply secular
approximation just to dissipative part).

Subsequently, we address the more intricate matter of di-
agonal elements, presenting a methodology for computing the
diagonal elements of the quasi-steady-state correction. Con-
sequently, we derive analytical formulas for these elements in
the case of a two-level system. Our findings indicate that for
the discussed master equations with Liouvillians defined up
to the second order (e.g., Davies and Bloch-Redfield master
equations), there is no correction to the diagonal elements.

However, such corrections do appear if we consider cu-
mulant equation. Namely we write it in the form of a master
equation, and truncate the Liouvillian up to fourth order. The
obtained correction exhibits a notable agreement (verified
numerically, see below) with the corresponding mean-force
correction. It is worth noting that still a discrepancy is here
expected, given that the cumulant equation neglects contribu-
tions from higher-order cumulants.

Last, we computed the derived corrections for the spin-
boson model. As we mentioned before, this provides us
with a direct verification of mean-force and quasi-steady-state
predictions. Moreover, we additionally involved the reaction
coordinate method [13,27,28] to verify numerically the ana-
lytical expression for the mean-force correction, which proves
the perfect agreement in the regime of validity of the method.

A few remarks are here in order. As usual, the obtained
corrections will be cut-off dependent and often diverge with
the growing cut-off frequency. This is actually ubiquitous in
the literature on the topic (see in this context Refs. [29,30]).
Secondly, we do not touch on the issue of renormalization:
The derivation of the master equation should be not be based

on bare Hamiltonian but should somehow involve the renor-
malized one (as advocated in Refs. [24,30]). We have not
followed this in the present paper to keep clear the main
message.

II. HAMILTONIAN CORRECTIONS

We consider a general Hamiltonian of the interacting sys-
tem S with the thermal reservoir R of the form:

H = Ho+ Hg + 1H), (M
H =Y Ay @R, @

where Hj is a bare Hamiltonian of the system, Hy is free
Hamiltonian of the bath, A, and R, are interaction operators
(acting on the system and bath Hilbert spaces, respectively),
and A is a coupling constant. In the following, we define a
Gibbs state of the thermal reservoir yg = Z5 Le=PHr at inverse
temperature 8, where Zz = Tr[e ##%]. Additionally, we con-
sider the operators evolving in the interaction picture A(¢) =
¢/ HotHRI A g=i(HotHR! | and we use an abbreviation (A),, =
Tr[Ayg]. We assume that that bath operators are centralized,
ie., (Ry)y, =0.

The main object of interest of this article are three differ-
ent second-order corrections to the bare Hamiltonian of the
system Hj in the weak-coupling limit (i.e., A < 1). Namely,
the corrections related to the following three Hamiltonians:
Lamb-shift Hys, quasi-steady state Hy and the mean-force
Hyy¢. Due to centralization of the bath operators, the leading
order of the perturbation calculus is A2, In accordance, the
corrections are given by the relations

Heor — Hy =)"2H(2)+---, 3)

cor

which we represent by means of jump operators:

H20) =YY 15, o, DAL (@As (@), @)

w,0 o,p

where cor indicates Lamb-shift (LS), quasi-steady-state (st),
or mean-force (mf) correction, respectively, and the jump
operators are given by:

Ag(@) = Y TI(E)ALTI(E). )

€' —e=w

where I1(¢) is the projector on the subspace with energy e,
such that Hy = ), € T1(e).

Remark. We need to justify that in (4) only pair of jump
operators are enough. For instance, the operators of the form
Al(a))Aﬁ (w’) may not span the whole space of the system.
Of course this need not lead to violation of (4); however,
at least it means that justification is needed. As we will see
in Appendix B 3, Egs. (B26)—(B29), that for the mean-force
corretion this is true by definition. In the case of the Lamb shift
correction it is also true for all the models of open systems
that we consider (Redfield, GKLS-Davies, and the cumulant
equations). Finally, for the quasi-steady-state correction it is
not clear whether the ansatz of (4) is general enough. It is
for sure correct if we assume that Hy is Bohr nondegenerate,
which implies that operators AL (w)Ag(w') indeed span the full
space of system operators.
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A. Lamb-shift correction

We start with the Lamb-shift correction H&), which is
defined according to the Liouvillian of the master equation in
the Schrodinger picture of the following general form:

Llpl =i[p, Hy + A*HF )]
+27Y Y Kap(@, @, 1)Dap(@, @)p] + OGH),

w,0 af

(6)

where

Dyp(w, 0)p] = Ag(0)pAl(w) — HAL(@)Ag(), p}. (7)

K is the so-called Kossakowski matrix and for a while we do
not determine it: For particular choice of K and TS we will
obtain a given master equation, such as the Bloch-Redfield
or Davies one. Notice that the Liouvillian in Eq. (6) leads to
a completely positive dynamics if the matrix K,g(w, o', t) is
positive semidefinite. Later, we consider the long-time limits
(assuming they exist), when ¢ — oo, for which we use the
abbreviations:

15 (@, 0) = lim YD (0, o' 1), (8)
t— 00

Kyp(w, o) = tlim Kop(w, o', 1). 9)
—00

The Lamb-shift correction introduces a renormalization of
the bare Hamiltonian Hy of the open system due to the finite-
strength coupling with the environment. The correction affects
the Hamiltonian part of the evolution.

B. Mean-force correction

Let us then introduce the mean-force Hamiltonian H,y,
defined according to the marginal Gibbs state of the global
equilibrium, i.e.,

e PHni _ TrR[e’ﬂH]

" Trgle PHn] ~ Trgple PH]°

P (10)
The mean-force Gibbs state refers to the local equilibrium of
the open system corresponding to the global equilibrium of
the full system (i.e., open system plus the environment). The
definition solely relies on static equilibrium and hence is not
related to the dynamics.

Concerning the mean-force Hamiltonian Hy,¢, one should
notice that Eq. (10) does not specify uniquely its ground-state
energy, since the equation is invariant under the transforma-
tion Hy,¢ — Hyye + 6 for arbitrary real constant §. Commonly,
this constant is fixed by the convention [3—10]:

Trsple™#M] = Trsle P Trg[e™ P, (1D
such that we have the following relation:

L1 [Trgle#]
o =~ 5 10g [Z—R} (12)

where Zi = Trg[e #Hr]. Another way of fixing the gauge is
to demand that H, is traceless:

Tr(Hyt) = 0. (13)

The latter gauge will be convenient, when extracting mean-
force correction Hamiltonian numerically from a state (e.g.,
steady state of dynamics), as we do in (91), while the former is
more convenient, while deriving mean-force correction from
the definition, as in Theorem 1.

In this paper, we concentrate solely on the second-order

. 2 . .
mean-force correction Hé]f), defined via the expansion:

Hpg = Ho + 2 HS 4., (14)

where the zeroth-order term is fixed by putting A = 0 (in the
gague fixed by condition of traceless Hpy).

C. Quasi-steady-state correction

The last correction is defined with respect to the so-called
quasi-steady Gibbs state:

0 o e P (15)

which is defined as the fixed point of the Liouvillian in the
long-time limit:

Jlim £[o] = Loole] = 0. (16)

Contrary to static mean-force state, o corresponds the dynam-
ical equilibrium, defined according to particular Liouvillian in
the long-time limit. In analogy to the mean-force and Lamb-
shift, we are interested in the leading-order correction defined
by the expansion:

Hy=Hy+ 2 HY + ... (17)

Then, to derive a solution for the correction Hs(z), we adapt the

perturbative method. We expand the generator of the master
equation:

Loclo]l = LMol + A LDMel + 22 LYel +....  (18)
and, similarly, we expand the postulated stationary state, i.e.,
e=00+2 o2+, (19)
where by using the Dyson series for the lowest orders we get:
00 = e P, (20)

s 2
0, = —e Pt [ dr e H P e Mo, (21)

0

A solution to Eq. (16) can be now constructed by requir-
ing that in each order of coupling strength A, the action of
generator L, on the state should vanish. Then we obtain the
following set of equations:

L9go1 = 0, (22)
L1021+ LZ[00] = 0, (23)
LOTo4] + LZ[02] + LP[00] = 0, (24)

However, one should note that this is a stronger condition
than (16).

Our main goal is to solve the following equations to
find the solution for the quasi-steady-state correction Hs(tz).
However, as it was highlighted in Ref. [6], the second-order
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equation (23) only provides the solution for off-diagonal
terms of the correction, whereas the solution for the diagonal
part involves the fourth-order equation (24). In the following
Sec. IVB 1, we present the general solution for off-diagonal
elements for the Liouvillian (6) and we provide some general
methods for solving the diagonal part from the fourth-order
equation (see Sec. IV B 2). In accordance, we derive explicit
formulas of the quasi-steady-state correction for specific types
of Liouvillians introduced in Sec. III.

Two additional remarks have to be mentioned. First, the
zeroth-order term Hy in Eq. (17), leading to o9 o e Pt ig
consistent with Eq. (22) for the Liouvillian ng) =i[-, Hy].
However, unlike in the mean-force correction, we cannot ob-
tain that oy o< e A0 by setting A = 0. Indeed, doing so we
are left with the mentioned Eo%) =i[-, Hy], and we see that
»C(o%)(QO) has many solutions. Hence, later we will provide
the additional condition for a master equation, namely the
detailed balance condition. Then gy can be obtained from
higher-order steady state by letting A to zero.

Second, in a manner similar to the mean-force correction,
Eq. (15) determines Hy up to a gauge.

III. MODELS OF OPEN SYSTEMS

In this section, we introduce three specific Liouvillians
used in the modeling of quantum open systems: the Liouvil-
lians of Davies ME, Bloch-Redfield ME, and the cumulant
equation. The first two are interconnected through the so-
called secular approximation, which ensures that Davies ME
is completely positive. Later, we will specifically elucidate
how this impacts the quasi-steady-state correction. On the
other hand, the cumulant equation restores the positivity of the
map by incorporating higher-order generators into the Liou-
villian. This presents an interesting case study for addressing
diagonal corrections that involve fourth-order generators.

1. Bloch-Redfield and Davies master equations

Let us start with the most known master equations, i.e., the
Bloch-Redfield and the Davies master equations. In general,
for the Bloch-Redfield ME we define a time-dependent Kos-
sakowski matrix and Lamb-shift coefficient [see Eq. (6)]:

Kup(w, o', 1) = Thg(0) + T (@) = yig(w, @), (25)

/ 1 / * /
T (@ o 1) = 5i[Fap (@) = Tho(@)'] = Sy, &),
(26)

where
I‘fxﬂ(a)) =f0 ds ein(Ra(s)Rﬂ(O))yR. 27

However, in this paper we are mostly interested in the long-
time limit of the Liouvillian, based on which we define
the quasi-steady-state correction. For Bloch-Redfield ME we
have:

L8 =il Hol+ 27 Y Y (iSup(w, )], Al (@)Ap(a)]
w,0 af

+ Yap(w, 0" )Dop(w, @), (28)

where
Sup(@, @) = lim S} 5(w, 0)  Yap(w, @)= lim yu,(w, ')
t—00 t—00
(29)

It is well known that the Bloch-Redfield equation, in general,
does not preserve the positivity of the state since y,g(w, @)
is not a positive semidefinite matrix. Commonly, this issue
is solved by applying the so-called secular approximation,
which leads to the Davies master equation in the GKSL form.
In accordance, applying the secular approximation, we obtain
the Kossakowski matrix for the Davies dynamics:

Vap(o, @) =L o 6(@0)S0.0rs (30)
Sup(@, @) =2 S, 4(0)Sp0rs 31)
where
+00

Yap (@) = Yap(®, ©) =/ ds ¢ (Ry($)Rg(0))y,, (32)

—0o0

is the Fourier transform of the autocorrelation function, and
1 +o0 Q

o do Vaﬁ( )

27 J_ o w—Q

where P denotes the principal value integral. We also have the
following relation:

Tim TL(©) = Tap(@) = $rap(@) +iSup(@). (34)

Sup(w) = Syp(w, w) =P

. (33)

Finally, the Davies generator is given by:

LY =il Hol +22 ) ) (iSap(@)[-, AL (@)Ag()]

o aof
+ Yap(@)Dap(@, ®)). (35)

However, we want to notice that to restore the positivity of the
Bloch-Redfield master equation, it is enough to do the secular
approximation only for the dissipative part. For this reason, we
additionally consider a so-called nonsecular Davies defined
as:

L2 =il Hol + 22 Y Y (iSup(e, o[-, AL (@)Ap(e))]
w0 af

+ 8.0 Vap(@)Dap(@, ). (36)

In the following, we will also use the representation of the
(time-dependent) Redfield generator in the interaction picture
given by the expression:

LE =32 "3 (i8S (. ) AL(@)Ap(a)]

w,0 af
+ j;ct(ﬂ(a)v C()/)Daﬁ (0)9 Ll)/)), (37)
with the following definitions:
?Oiﬁ(w’ w/) — ei(wfw/)tyotlﬂ(w’ w/)’ (38)
Sy, o) =S, (0, 0). (39)

2. Cumulant equation (refined weak-coupling)

Let us now introduce the cumulant equation [24-26]. Un-
like the previous models of open system, which are in the form
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of differential equations, the cumulant equation is introduced
as the dynamical map (which does not involve the Markovian
approximation):

p(t) =5 p(0), (40)
where

RP[p(0)]

= —)»2/ dty / dtyTrr([H; (1), [H(t2), ps(0) ® pr]D)
0 0
41

is the generator of the map in the interaction picture, such that
Z)(t) — eiHot,O(t)e_iHUt.

It has been showed that cumulant equation is an al-
ternative way to describe non-Markovian dynamics in the
weak-cou(gling regime. Its essential feature is the GKSL form
of the K| ) superoperator. In this way, the cumulant equa-
tion defines one parameter family of CPTP dynamical maps.
This feature of the cumulant equation is its advantage over the
Bloch-Redfield equation, for which the fundamental property
of completely positive evolution is not satisfied.

Since the Lamb-shift and quasi-steady-state corrections are
defined according to the generator of the master equations,
from the dynamical map (40) we derive the corresponding
differential equation, namely

d d e 5Q2)
() = [(Ee"f >>er }b(t). (42)

This defines the Liouvillian of the cumulant equation in the
interaction picture:

£€ = (%e&m)ekfm (43)
d . 1T o0 d -
2) 2) 2)
i —|g®, L¢ 44
dr ! + 2|: to gt j| + (44)

Interestingly, we have revealed that the cumulant superopera-
tor K(z) is very much related to the Bloch-Redfield generator
(in the interaction picture) by the following relation:
d &(2) -
Pk L. (45)
Finally, applying (45) and transforming it to the Schrédinger
picture, we get

1! , p ) )
L7l =L lpl + 5 / ds e ([ L, LT[ pe™17)
0

x et 1 0(A9). (46)

We see that up to the second order the Liouvillian of the
cumulant is equal to the Bloch-Redfield one. Nevertheless,
cumulant equation provides nontrivial higher-order generators
that in principle leads to different predictions of quasi-steady-
state diagonal correction.

IV. RESULTS

In this section, we derive formulas for different corrections
and reveal their mutual relations. In the following, we will
provide an explicit expression for all of the corrections (4).

The coefficients of the corrections will be written in the uni-
versal integral form given by:

cor 1 +oo /
5@ 0) = 5P [ 49 D, 0/, @) vup (@),
—0oQ
@7

where y,4(€2) is the relaxation rate defined by equation (32).
‘P denotes the principal value integral. We provide the kernel
Deor(w, ', Q) for a particular corrections and Liouvillians,
which are finally summarised in Table I.

A. Mean-force correction

We are ready to state our first main result regarding the
mean-force correction.

Theorem 1. In the gauge (11), the mean-force correction is
given by

HY ) =" 3 T @, ', DAL @A), (48)
w,0 a,p
with the coefficients:

1
(mf) N o
Totﬂ ((1),(,())— E/‘

—00

+0o0o
dQ Dmf(a)v (1)/, Q)V(Xﬂ(g)v (49)
(@ — ) (PO 1)
W0 —Q (0— Q) — Q)(efl—e) —1)
(50)

or, equivalently, in terms of the S,4(w) function (33), it takes
the form:

Dmf(a)7 w/a Q) =

ngf)(w, o) = Sup(@') — P Syp(w)

y10)
eﬁw — eﬂw, {e
+ eﬂ(erw’)[Sﬂa(_w/) — Spga(—w)]}.  (51)

Remark. What is interesting about the expression (49) is
that despite of its form, it does not exhibit any poles, which is
quite unusual for a Lamb-shift correction. Thus, the principal
value integral is not needed in this case [cf. Eq. (47)].

Proof. The sketch of the proof is as follows. To solve
Eq. (10) we write the exponents from both sides of the equality
in terms of the Dyson series, which formally can be expressed
via the time-ordering operator T as:

e PHnt = o= BUH+OHm) — o= BHoT o= [ dt SHuc(t). (52)

¢ PH = o BUHoHAM) _ (= BHotHO) T o= [y dt i) (53

where we put §Hy = Hpe — Hy and we define an imaginary-
time-dependent operators A(t) = ¢! Ho+HR)Ae=!Ho+Hr) - Con-
sequently, using gauge (11) the equality (10) can be rewritten
in the form:

Trg[T (e” I3t Sle() _ = g H’(’)) yr] = 0. (54)

where yf is the Gibbs state with respect to Hg. Note that this is
exact for arbitrary coupling strength A. Then, considering the
weak-coupling limit (A < 1), we expand the above equality
and obtain, within the second order, the following condition
for the mean-force correction:

B B t
/ d;ﬂ&?(r):—[ dt/ ds(Hi(OH(5)) - (55)
0 0 0
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TABLE I. Explicit kernels
(6), cor =

Do (w, @', 2) according to the representation (47) for all Hamiltonian corrections, i.e., cor = LS (Lamb-shift)
mf (mean-force) (14), and cor = st (quasi-steady state) (20). Lamb-shift and quasi-steady-state correction have been calculated

according to the following Liouvillians: Davies (35), (nonsecular) Davies (36), Bloch-Redfield (28) and cumulant (46).

Davies

Davies (nonsecular)

Bloch-Redfield Cumulant

Dis(w, w, Q)
Dis(w, o', Q)
Dy (w, w, 2)

Dy(w, o', Q)
Dy (w, 0, 2)
Dps(w, o', Q)

Dis(w, o', Q)

1
w—Q

1S+ )+ Q —w) — 82 — o)

w

General form not derived here
Dy (w, o, Q)
1-eP©=D 4 B(0—Q)
Blw—Q)?
1 (0= )P~ D_1)

o2 (- -Q)P -1

After substituting the representation of the mean-force Hamil-
tonian given by Eq. (4) and the interaction term (2) with
the definition of jump oyerators (5), we are able to calcu-
late the coefficients Y™ p (a) ') (see the detailed proof in
Appendix B). ]

Theorem 1 is the first derivation in the literature of the
second-order mean-force Hamiltonian for a general weak-
coupling of the form (1) (this was independently done in
Ref. [19]; the expression for the correction to mean-force
Gibbs state has been given earlier in Refs. [3,9,10]). One
observes that the coefficients are symmetric in w’s, i.e.,
T8 (0. ) = T (@, ), which together with S}, () =
Sga(w), ensures the hermiticity of the Hamiltonian.

According to this expression, let us compare the dynam-
ical Hamiltonian with the mean-force. Using Eq. (34), we
write down the Lamb-shift correction in terms of y,g(w) and
Sup(w), such that for the Bloch-Redfield ME we get:

S
15 (0, )

= %[Saﬂ(w) + Syp(e)] + %[Vaﬂ () = Yap(@)],
whereas for the Davies equation the off-diagonal elements
vanish (due to the secular approximation). It is seen that
the mean-force correction is different than the Lamb-shift
one; in particular, the Lamb-shift correction has nonzero anti-
Hermitian part (in indices «, 8) in contrast to the Hermitian
coefficients of the mean-force. Indeed, y,p(w) and Syg(w) are
Hermitian matrices, and therefore the second term of Lamb-
shift correction is non-Hermitian, while there is no such term
in mean-force correction.

B. Quasi-steady-state correction

In this section, we propose the general formulas for
quasi-steady-state correction in terms of the coefficients
T (@, ):

HP )= T8 (0. o' . DAL (@)Ap().  (56)

w,0 of
First, we consider a problem of spemfylng the off-diagonal

contribution to the Hamiltonian H ) (in terms of the coef-
ficients T(St)(a) ') for w # o), and later the diagonal one

[given by T(“)(w )].

We start with off-diagonal elements, because (as indicated
in Ref. [6]) the first nontrivial correction for diagonal states
one can get only in the fourth order. So we start with simpler
case of off-diagonal elements.

1. Off-diagonal elements

To derive a solutlon for off-diagonal elements of the
Hamiltonian H{”, one needs to specify the solution of the

second-order equation [see Eq. (23)]:
L[e21+ LYool = 0. (57)

To provide of such a solution we propose the following repre-
sentation:

LOp] = e PPN "N gl (0, 0)Au(@)Ap(@),  (58)
o, oo
for [+k=2, ie, k=0,l=2 and k=2,1=0 (see
Appendix C2). Our methodology is based on replacing the
equation for operators (57) by the algebraic equation, which
is stated in the following Lemma:
Lemma 1. Equation (23) can be rewritten as:

DD (855 @, 0) + g2 (@, ) Ag(@)Ap(@) = 0, (59)
o, w0
which, in particular, is satisfied if:
80 (@, 0) + 80 (@, &) = 0 (60)
for all w, @' and «, B.
Next, we specify the explicit formula for coefficients of the
most common models of master equations.
Lemma 2. For the general form of the second-order Liou-
villian (6):
g(of);)(a) o) = —l(a)—l—a))T(“)( w, o a(w+ o), (61)
85 (@, 0) =TS (—w, o)1 — Pt
+ eﬁwK;Sot(_w,’ —w)
— $Kap(—0, NPT 4 1), (62)

where a(w) = foﬂ dt e,
Finally, combining together those two Lemmas, we pro-
pose the following theorem:
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Theorem 2. The second-order equation (23) is satisfied by
the state o o« e~ PHFHT+.) f

(i) Kop(@, ©) = Kpo(—0, —w)e?, (63)
(i) Ty (@, ')
i

_ (LS) /
= Taﬁ (w, ") + —eﬂ“’ —

, 1 ,
x [Kﬁa(—w, —a')ef ) — > Kap(@', w)(eP + e )}
(64)

for w # o'.

The condition (63) is the so-called detailed-balance rela-
tion, which is satisfied for all considered here Liouvillians
(i.e., for Davies, Bloch-Redfield, and cumulant). Then let
us compare the mean-force correction with the quasi-steady-
state correction for specific choices of Kossakowski matrix
Kyp(w, ") and Lamb-shift T;];S)(w, ). First, let us observe
that (see proof in Appendix C2 a):

Corollary 2.1. 1If Kop(w, 0") = yop(w, o) and
Té;s)(a), ') = Spp(w, '), then for w # '

T8 (0. ) = T3 (0, ). (65)

Remark. Note that this relation is gauge independent, as
the gauge only affects diagonal corrections.

As it follows from Eq. (28) and (46) this is the case for
the Bloch-Redfield and the truncated cumulant Liouvillian.
However, if the secular approximation is applied for the Kos-
sakowski matrix, then we get:

Corollary 2.2. If  Kyg(w, @) = Yap(@)éu,er,
w# o'

then for

T (@, 0) = Y5 (0, 0). (66)

This is the case for the so-called nonsecular Davies
(36). However, commonly the secular approximation is also
applied for the Lamb-shift term, such that for the stan-
dard Davies equation, the off-diagonal elements vanish, i.e.,
T8 (0. 0) = T3 (0. o) = 0for o # o).

Comparing Corollaries 2.1 and 2.2 we see an interesting
interplay between all three corrections. The specific (nondi-
agonal) form of the Lamb-shift and Kossakowski matrix for
the Bloch-Redfield generator (and second-order contribution
to cumulant as well) provides a coincidence of the mean-force
and quasi-steady-state correction for off-diagonal elements. In
particular, these nonzero values results in the “steady-state
coherences” of the equilibrium density matrix ¢ discussed
in Refs. [8,31,32]. On the contrary, by applying the secular
approximation (i.e., making the Kossakowski matrix diagonal
in w’s), the off-diagonal elements of the quasi-steady-state
correction rather coincide with the Lamb-shift one.

2. Diagonal elements

To provide the diagonal part of the correction Hs(lz)
[given by the coefficients T;s/;)(a), )], the fourth-order equa-
tion must be solved (24), i.e.,

L9041 + LP[02] + LP[00] = 0. (67)

Contrary to the solution for off-diagonal terms, it is much
more complex problem. For that reason and the clarity of
presentation, we simplify the model, such that throughout
of this section the interaction Hamiltonian is given by H; =
A ® R (i.e., we replace the sum (2) by a single term, which
can be generalized by adding the corresponding indices). Ac-
cordingly, we also simplify notation, such that To(for) = Yeor.
Then, similarly to the second order [see Eq. (58)], we start
with writing the action of the generators in the basis of jump
operators:

LYo =Y gu(@)A@), (68)

where [+n=4, &= (w,w,ws,ws) and A(®d)=
A(w))A(0)A(w3)A(wg). The fourth-order equation (67)
takes then the following form:

D (204(@) + 822(®) + a0 (@)A@) =0, (69)

w

from which one can further derive the set of equations (for
each k):

D (82(@) + g0 (@) THA@)TT; = 0, (70)

[0}

where I1; = I1(&) is a projector into subspace with energy €,
[see Eq. (5)]. Disappearance of the gy term comes from the
specific form of the E(o%) = i[Hp, -], namely

> gos(@)TA@)TT = ieP* T [Hy, @]y = 0. (71)

Furthermore, we propose the following Lemma proved in
Appendix C 3:

Lemma 3. T1(ex)A(®)T1(ex) # 0 only if @ belongs to the
set, denoted by G(|k) — |k)), of all four-tuples of the form:

o= (eml — €k €my — €mys €my — €myy €k — 6’113)' (72)

Finally, since the operators I1;A(®)I1; are linearly inde-
pendent (for different k), the following proposition follows:

Proposition 1. Equation (70) is satisfied if and only if for
each k, such that IT;A(&)IT; # 0, we have:

Y [22(®) + ga0(@)] = 0. (73)

weG(lk)—|k))

Equations (73) provide necessary conditions for the co-
efficients Yy (w, ') (encoded in the function g») to be a
solution of the quasi-steady state. For the general form of
the second-order Liouvillian (6) the function g, is explicitly
given by:

22(®) = Yy (—w3, w4)a(ws + ws)
x [iTLs(—w1, @2) + 3K (—w1, @)]
— Ta(—o1, m)a(w) + w2)
x [(TLs(—w3, 04) — 3K (—w3, w4)]

— e POy (—wa, w3)a(wr + w3)K(—wy, @)
(74)

where (@) = foﬁ dt e7',
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From Eqgs. (73) one can get a solution for diagonal elements
of the quasi-steady-state correction Y (w, w), for a particular
form of the function g4y (derived from the fourth-order Liou-
villian Lgé)). For Bloch-Redfield and Davies master equation,
the Liouvillian is only defined up to the second order, which
trivially implies g49(@®) = 0. On the contrary, the cumulant
equation provides the fourth-order Liouvillian in the form:

1 [ . ~p o~ . . .
£§4)[,0] — 5/0 ds €7ZHOI ([‘Cfs E;?](elHotpeleot))ezHot. (75)

The relevant coefficients g4 can be derived from the pro-
jection of the Eq. (68), i.e.,

LY (0ol = P4 ) " gag(@)TA@)Tx,  (76)
where according to (75):

t
L1y = 5 fim [ ds (28, £ el e (77)
The explicit form of the function g4y for the cumulant is
provided in the Appendix, Eq. (C86).

Let us remark, that the limits of such expressions as
L8P0 may not exist (due to oscillating phases). However
after sandwiching them with IT; [as in (77), the limit already
exists}.

Let us note, that for Davies (secular) equation, the diagonal
correction vanishes for simple reason; namely the full genera-
tor annihilates Gibbs state according to bare Hamiltonian (i.e.,
L8 [00] = 0).

In the next subsection, we apply the proposed results for
the two-level system, where we derive a diagonal quasi-
steady-state correction for considered here Liouvillians (i.e.,
Davies, Bloch-Redfield, and cumulant). For Davies equa-
tion we confirm the above remark, obtaining vanishing
correction. We will also get vanishing correction for Bloch-
Redfield, but we do not know whether it holds in general, like
in Davies case.

C. Two-level system

Let us consider a two-level system with the bare Hamil-
tonian Hy = —%'0; coupled to the thermal bath via a single
interaction term H; = A ® R, where A =7 -G, 7 = (x, y, 2),

and 6 = (oy, 0y, 0;) are the Pauli matrices. Then, we define

Egg(w) = Yeor(@, 0) — Yeor (0, —w), (78)
Eg(i);;g(w) = TCOI’(_wﬂ —(,()) - Tcor(w’ (,()), (79)
such that the correction H'2) in the Pauli basis is given by:
Tr[Hggrou] = ¥z Zir(e), (80)
Tr[Hegloy] = vz B (@), (81)
2,2
Tr[HPo.] = )% S8 (). (82)

Without loss of generality, we have introduced a gauge

TrHZ) = 0 since, as we discussed in Sec. II, all corrections

are defined up to an arbitrary constant.

For the Liouvillian (6), the off-diagonal term Efcf,f(a)) can
be calculated from Eq. (64), which for particular choices of
master equations is given by Corollaries 2.1 and 2.2. Fur-
thermore, for diagonal elements we provide the following
Proposition:

Proposition 2. For the Liouvillian (6), obeying the detailed
balance condition: K(w, w) = e!*K(—w, —w), diagonal ele-
ments of the two-level system quasi-steady-state correction
are given by:

(1) for g49(@) = 0 (Davies and Bloch-Redfield):

Zoss(@) =0, (83)
(ii) for g49(@) of the cumulant Liouvillian (75):
To(@) = D) + S(-0) — S@).  (84)

For more details refer to Appendix C. We see that for
the two-level system the absence of higher-order Liouvillians
(g40 = 0) results in no correction to the diagonal of the quasi-
steady state. On the contrary, Liouvillian of the cumulant
truncated to the fourth order provides a nontrivial correction
given by Eq. (84). Since we expect that proper thermalization
should result in mean-force Hamiltonian, one can interpret
S(—w) — S(w) as the error. In the next section, we ana-
lyze numerically this discrepancy for a particular spin-boson
model. Notice also that S(w) = Vi s(w, w) (for cumulant,
Bloch-Redfield, and Davies).

We summarize all of the explicit formulas for the two-level
system in Table II.

V. SPIN-BOSON MODEL: NUMERICAL STUDY

Let us now apply our results to the well-known spin-boson
model. We consider a qubit coupled to a bosonic bath with the
Hamiltonian:

H= —%UZ + Xk: Qalay +7-6 Xk:)\k(ak +a)), (85)

where a; and az are the bosonic annihilation and creation
operators with a spectral density:

J() = Zkié(a)k — ). (86)
k
By extending a domain of the spectral density, such that
J(—w) = —J(w), one can prove that:
21 J(S2)
y(Q) = T—opa (87)

In accordance, for a spin-boson model (85), all of the correc-
tions can be calculated as the integral over spectral density,
namely

Deor(w, o', )
s I

[cf. the general formula given by Eq. (47)].

+00
TS (@, o) =7>/ ds
—00

A. Reaction coordinate

In this section, we further analyze the spin-boson model by
using the reaction coordinate (rc) method [27,28]. In particu-
lar, via the rc mapping we are able to extract the second-order
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TABLE II. The relevant kernels D, (w, @', ) for a two-level system according to the Pauli representation (80). See a detailed description

in Table I.
Davies Davies (nonsecular) Bloch-Redfield Cumulant

Dis(—w, —0, Q) — Dis(w, ©, Q) P
Dis(w, 0, Q) — Dis(0, —w, Q) 0 — 2% + (2 — ) + 8(Q2 + ) — 25(Q)]

e Blte _oBlo—2)
Dy(~w, —0, Q) — Dy(, 0, Q) 0 e — S
Dy(w, 0, 2) — Dy(0, —w, 2) 0 Dis(, 0, 2) — Dis(0, —o, ) D@, 0, Q2) — Dy (0, —o, €2)

_p—Bl0+Q) _Blo—Q) ™
Do (—@, —, Q) — Dpni(@, 0, Q) e — S +
we PLw(EePP+1)(eP2—1)—Q(eP?— 1) (P +1

Duni(@, 0, 2) — Dt (0, —, Q) e ey et
correction to the mean-force Hamiltonian. For this reason, we where
can numerically verify our analytical formula with predictions 22 )
that comes from rc. Additionally, since the “extraction” of the H=Hy+AMH7+VMH"+ ..., (93)

second order into a single rc mode depends highly on the form
of the spectral density, we will also discuss a validity regime
of the rc method.

Let us concentrate on spectral density given by the form
[27]:

4y Qwrzc

J(Q) =22 > .
(02 — Q)" + Q2ry Qo)

(89)

The parameter y regulates the width of the spectral density
J(w), which is centered at the frequency wy.. This indicates
that in the case of narrowly peaked spectral densities, i.e.,
when y « 1, the mode with frequency w,. predominates in
the environment. Consequently, that specific mode, i.e., the
so-called reaction coordinate with bosonic operators b, bt, is
incorporated into the effective Hamiltonian (after the Bogoli-
ubov transformation):

H = _%Uerwmb*ber.&(ber*), (90)

that describes the composite “spin-reaction coordinate” sys-
tem [13,27,28]. After transformation the system is coupled
to the effective environment with Ohmic spectral density
Jie(R2) = er_% (in the limit A — o0). In other words, after
the reaction coordinate transformation, the system described
by the Hamiltonian H’ is coupled to the environment via
constant y. Indeed, by decreasing y, the reaction coordi-
nate dominates more and more, which results in smaller and
smaller effective coupling with the rest of the modes.

Then, according to the definition (10), the mean-force state
is given by:

Pt o Trgle PH] o Tre[e PH] + O(y). 1)

Here we have traced over “reaction coordinate” system, called
rc, represented by the mode b. Consequently, for sufficiently
small y, one can approximate the mean-force state via the
effective Hamiltonian H'.

The resulting state depends on all orders of A, and we want
to extract just second-order correction. In general, for a state
of the form

—BH

z

e

pr = ©2)

we can extract second-order correction via the formula:
H® = lim 1t lTr[lo (o] —log(p) | — Ho |, (94)
_)»%0)\2,3 4 2O 201 0

where d is the dimension of the system Hilbert space and we
have used gauge Tr[H] = 0.

B. Numerical simulation

We numerically computed the relevant coefficients
2 (wp) and >392 (o), given by Egs. (78) and (79), for the
general spin-boson model given by Hamiltonian (85). Correc-
tions have been computed according to expression (88) for the
spectral density given by Eq. (89) with the specific form of the
kernels summarized in Table II.

Additionally, the mean-fore correction has been com-
puted independently based on reaction coordinate method,
expressed in Eq. (91) and (94). Since the mean-force state,
calculated from the effective Hamiltonian H’, is approximated
up to terms of the order O(y ), we provide a simulation for two
regimes: y = 0.001 and y = 0.01. According to Eq. (91), the
reaction coordinate Gibbs state should converge to the exact
mean-force correction when y — 0, which is confirmed by
the presented simulation in Fig. 1.

VI. CONCLUSIONS

We have presented several results of independent sig-
nificance. Firstly, we derived the general formula for the
(second-order) mean-force Hamiltonian, along with the quasi-
steady-state Hamiltonian for the canonical class of Liouvil-
lians (i.e., with the leading order expressed in GKLS form for
a general Kossakowski matrix). Subsequently, we discussed
the relationships among different corrections (mean-force,
quasi-steady state, and Lamb-shift). Finally, we applied our
findings to the most well-known descriptions of open systems,
specifically examining the extent to which the Bloch-Redfield,
Davies, and cumulant equations satisfy the condition of con-
verging to equilibrium. We emphasize that the corrections to
Hamiltonians derived in this paper hold greater significance
than corrections to states because they can be independently
applied to various renormalization procedures (cf. Ref. [30]).
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(w) that compose different Hamiltonian corrections [Egs. (78) and

(79)], computed for the spin-boson model [Eq. (85)] for the spectral density Eq. (89) and for w,. = 20w,. As we proved (see Corollary 2.1),
the off-diagonal correction of the mean-force coincide with the quasi-steady-state correction of the Bloch-Redfield and cumulant equation.
However, for the diagonal case the cumulant quasi-steady-state correction is much closer to the mean-force than the Bloch-Redfield one,
which is zero for all values of Sw,. The discrepancy between cumulant and mean-force for the diagonal correction is precisely given by the
Lamb-shift correction [see Eq. (84)], which for the particular spectral density is small. We also calculate the mean-force correction based
on the reaction coordinate Gibbs state [Eqs. (91) and (94)]. From Eq. (91) the reaction coordinate Gibbs state should converge to the exact
mean-force correction when y — 0. As expected, we observe a very good agreement for y = 0.001, whereas some discrepancy is present for

y = 0.01. This validates our analytical formulas for the mean-force correction and shows the limits of the reaction coordinate method.

Our findings align with prior observations [3,5,9], affirm-
ing that the leading-order term of the Liouvillian should adopt
the Bloch-Redfield form to yield the correct off-diagonal
quasi-steady-state correction. The cumulant equation (if writ-
ten in the form of master equation) meets this condition but
it goes further by providing nontrivial higher-order gener-
ators (by definition absent in the Bloch-Redfield equation).
Our analysis demonstrates that this feature offers an accurate
approximation of the diagonal elements of the correction, co-
inciding pretty well with those of the mean-force, in contrast
to the Bloch-Redfield (or Davies) master equation.

This may appear contradictory to the findings in Ref. [25],
where it is asserted that the dynamics governed by the cu-
mulant equation converges to the dynamics governed by
the Davies equation in the long-time limit, implying that
the stationary state should be the Gibbs state of the bare
Hamiltonian. However, our result specifically addresses the
second-order correction, and therefore, mathematically, it
does not contradict the aforementioned conclusion. It is

noteworthy that by collecting of all orders in the cumulant
Liouvillian, it ensures the positivity of the dynamics. This
suggests a nuanced trade-off between positivity and thermal-
ization towards the mean-force Gibbs state in the cumulant
description. Truncating the Liouvillian to a specific order ap-
proximates the mean-force state but compromises positivity
and vice versa.

Let us finally remark to what extent one could carry out
similar research for nonequilibrium scenario, i.e., the system
interacting with more than one bath. Specifically, it has been
shown that the nonequilibrium steady state can be represented
as a generalized Gibbs state (defined for an effective temper-
ature) [33-35], providing a natural framework to generalize
the Hamiltonian corrections in the out-of-equilibrium regime.
However, unlike the single bath scenario, in this case, the
limit of vanishing coupling does not restore an equilibrium
state with respect to the bare Hamiltonian (i.e., the canonical
ensemble), which may substantially distinguish the potential
corrections from those provided in this paper.
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APPENDIX A: PRELIMINARIES

We consider the system and bath Hamiltonian:

H = Hy + Hg + AHj, (A1)

such that Hy and Hp are the free Hamiltonians of the system
and the bath, respectively, and H; is the interaction Hamilto-
nian. Except for Secs. B 1 and B 2, where we do not assume
any particular form of the interaction term, throughout the
paper we consider the following explicit form:

Hi=Y Ad®R,. (A2)

We introduce the time-dependent operators:
Ag(t) = ™M Age™™ | Ry (t) = M Rye™ ™. (A3)
and jump operators (acting on the system Hilbert space):
Ag(@)= Y TI(e)ALTI(E), (A4)
€ —e=w
where I1(¢) is a projector on subspace with energy €, such

that Hy = > . € I1(€). These obey the following commutation
relation:

[Ae(w), Hy]l = wAy(w), (AS)
as well as the relations:
AL©) = Au(—0), Y Ag() = Aq. (A6)

From this follows also

Ag(@)e™ = e A, (w), (A7)

where c is the complex number, such that, in particular, the
time-dependent operator is given by:

Ag(t) =) e Ay (). (A8)

Finally, we consider the Bloch-Redfield master equation in
the Schrodinger picture:

d
Ep(t) = Lilp®)] = ilp(1), Ho

+ DY Suplw, o, DAL (@)As(@)] (A9)

w,0 of

+ ZZyaﬁ(a), a)’, 1)

w,0 op
1
x (Aﬁ(w/)pa)A; (@) — E{Al(w)A,s (@), p(t)}),

(A10)

where p is the system density matrix and £, is the generator,
with

Yap(@, @', 1) = Top(@, 1) + Thy(@,1), (ALl

1
Supl@, ', 1) = ?[Faﬁ(wlv 1) —Ig(w, 0], (Al2)
i

Top(w, 1) = / ds ¢ (Ry(s)R3(0)),,.  (A13)
0

In the interaction picture (with respect to the bare Hamiltonian
H,), the Bloch-Redfield equation takes the following form:

d ~
Eﬁ(f) = Li[p()]

=i (). )Y Sup(w, 0, DAL (@)Ap(@) | (A14)

w,0 o,p

+ 3> Fuple. 0 1)

w0 op

. 1
X (A,s(w')i)(t)A(L () — E{AZ (@)Ag(e)), b(t)}>,

(A15)
where p(t) = e p(t)e ! and
Vap(@, & 1) = "V yp(w, 0, 1), (Al6)
Sup(w, @', 1) = @S, 4(w, &, 1). (A17)
Additionally, we also use the abbreviation
‘S()tﬁ(w) = tli}’go Sclﬂ (Cl), C(), t)?
Yep(@) = lim yyp(w, o, 7). (A18)
—00

From the definition it is seen that y,g(w) is the Fourier trans-
form of the autocorrelation function, i.e.,

Yap(@) = Fop(@) + Ty () (A19)

_ /0 " s R (IR (0N

N /0 T ds e Ry RO), (A20)
_ /0 " ds Ry (IR (0N

+ /0 s e R =Ry Oy (A2D)

+00
= / ds € (Ry (s)R5(0))y, (A22)

o0
from which it follows that y,g(w) obeys the detailed balance
condition, i.e.,

Yap(@) = Vo (—)el?. (A23)

Using the inverse Fourier transform for the autocorrelation
function and the Sokhostki-Plemelj identity in the form:

o0 , 1 1
/ ds e = —§(w) £ iP—, (A24)
0 T w
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we shall represent I'y g (@) as the principal value integral:

Faﬁ(a)):/o ds ¢ (Ry (5)R3(0))

1 +00 [e%s) )
— / dQ yup(RQ) ds @5 (A25)
2 —00 0

1Vap(§2)
—-Q°

1 1 +00
= =Y — a2 A26
Zy,s(a))+7’2n /W - (A26)

According to this, and since the y(;‘ﬂ(a))z Vo (@), we
have

1
Sup(w) = Z[Faﬂ(w) — Iy ()]
L[ Yap(Q)
=P— dQ ——. A27
2 /_Do w— ( )
APPENDIX B: MEAN-FORCE HAMILTONIAN
We search for the solution for the mean-force Hamiltonian
H,s from the equation:
1
et = —Trgle™"], (B1)
Zr
where Hy = Hy + 8Hy and Zg = Tr[ePPr]. Notice, that
we used here the following gauge, i.e.,
Trle #7] = Tr[e P | Tr[e~PHr], (B2)

that fixes the ground-state energy of the mean-force
Hamiltonian.

1. Dyson series

In the following section, we use an abbreviation A@) =
e/ HotHr) A o=t (Ho+HR)  We gtart with the left-hand side of
the Eq. (B1), which we represent by the formal Dyson
form:

e Pt — p=BHo oBHo o= BHumi _ o= BHo T o= Ji e 51'7mf(t)’ (B3)

which gives us the series expansion:

N B R
Te_foﬂ dt $Hue(t) 1-— / dl] 5Hmf(l1)
0

B 4l
+ f dt / dty SHye(t1) SHye() + .. ..
0 0

(B4)
J

B B
A / dlll'?;]f)(ﬁ) = / dtl(ﬁl(tl»yk
0 0

B B 1 B f
- /0 dnH2 1) + /0 dn /O dty B (1) B (1) = /O dn /0 dio(Hy (1) Hi (1))

Similarly, for the right-hand side, we have
e PH — o BH T g0 ffar ﬁ',(z)7 (B5)

such that

Terfiano _g 5 (" an g
e = n Hy(t1)
0

B f
+)»2/ dt1/ dty Hi(t) Hi(t) + . . ..
0 0

(B6)
Finally, one can write
1 1 TR
— Trpl[e PH] = — Trp[e PHOT ¢=*Jo dt Hi®)
Z rle™"7] Z rle e ]

— o PITrg[Te M Ay (BT
where yr = eZ:R is the Gibbs state of the bath. In analogy, we
have:

e—ﬁHmf — e_ﬂHOTI‘R[Te_ foﬁ dt ‘Sﬂmf(t)yR]’ (B8)

such that Eq. (B1) can be written as:

Trgl T (e~ o 41 8@ _ p=2 [ dt By, ) — (B9)

or in the series form as:

> B H tk—1
Z(—l)k/ dt1/ dzz...f diy
= 0 0 0

X (8Hue(t1) SHug (12) - . . SHing (1)

— MH (1) Hy () ... Hi(1))y,) = 0, (B10)
where (-),, = Trg[ - y&l.
2. Weak coupling
Now let us assume that A < 1, and we expand:
Ape = Ho + 28 + 2242 (B11)

such that §H,¢ = )J-}r(n]f) + Azﬂgf} +....
Then, we collect terms in the same order of A appearing in
Eq. (B10), i.e.,

(B12)

(B13)

B B f
R [CandQan+ [Can [ an@EeRe + AR R w)
0 0 0

B g 15} B 1 t
— / dn / dt / dry AD @) B () AR (13) = / dn f dt / dts(Hy (1)) Hi(12) Hi(13)) 1,
0 0 0 0 0 0

(B14)
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In general for the nth order we have b. Second-order correction
In this section we provide general formula for second-order
Z(—l) Z / dn- / correction for mean-force Hamiltonian. Remarkably the ex-
..... kn€C pression does not exhibit any poles, in contrast to Lamb-shift

correction. Yet we also decompose it into bricks that are used

also to build the Lamb-shift corrections, which do exhibit
B fn-1 . N poles, and require principal value to be well defined.

= (=1 / dn--- / dt,(Hi (1) ... Hi(ty)) Theorem 3. The explicit form of second-order correction

0 0 for mean-force Hamiltonian is the following:

X dty, Hg’“)(zl) A t) .. A (t)

where C! is set of the kth-order composition of the number 7,

e.g.,Ci={2,1,1),(1,2,1),(,1,2). HY = Z T8 (., )AL (@)Ap(o), (B17)
3. Derivation of general formulas for corrections
o . where
to the mean-force Hamiltonian
+
a. First-order correction (mf)( W) = 2L / > dQ Dy, o', Q) Vap ().
Let us first solve the equation for the first-order correction, T J—oo
ie., Do ( Q) 1 (0 — &) (P @D — 1)
w, o, = — -
B (D) B R mf o —Q (0 — Q) — Q)(eﬁ(w—w) -1
| anaan = [“ania,, ®18)

The coefficients Y, g(w, @) can be also expressed in terms of

B
= Z/o A Aat)(Ra(t))ye- BIS) imaginary part of [yg(w) [see Eq. (A27)] as follows:

Furthermore, since (Ry (1)), = (Ry)y, (due to commutation (mf)(w W) = {(eP2Sup(w') — P Sup(w)

of the Gibbs state yg with the free Hamiltonian Hg), we get ebo — b

the solution: + P O[Sy (—0) — Spa(—w)]). (B19)
HE =" (Ra)y, Au. (B16)

> Remark. From (B19) one sees that T(mf) is symmetric, i.e.,

, mf), by, -
From now on, we assume that bath operators are centralized ~ Yap (w, ') =Typ (', w). This can be also seen by writing

such that (R,),, = 0, which implies H'}) = 0. Dii(@, o', ) in explicitly symmetric form
J
1 Bw _ o —Te) PN Bw Bw' _ 2 B(o+a' —)
Do, ol @) = 3 o NOF 2 I L0 Z oDt T — 2 ) (B20)
2 (ePe — P Y w — Q) — Q)
Proof. We shall first prove that Eq. (B19) comes from (B18). We shall use Eq. (A27), i.e.,
1 +00 ' Q
Sup(@) = —/ aq YD (B21)
27 J_wo w—Q

from which we also derive

1 +oo o (82 1 +oo «(—2 1 oo wp (82 —pQ
Spa(—) = — / g0 7= _ / oY= 1 / gl (B22)
27 J o w+Q 27 w—Q 2w J_ w—

where we used the detailed balance condition (A23). Thus, to express T;’;;f) in terms of Sep we have to write Dy in terms of
1/(w— Q) or1/(w — Q). Using

w—ao 1 1
= - (B23)
(0 — Q) (w — Q) o -2 w—-—Q
we thus get

1 eflo—e) _ 1 1 1 1
Dpt(w, @', Q) = — P~ — - B24
(@, @, £2) eﬁ(ww’)—1|: o —Q ¢ -9 w-Q +a)’—Q w—Q ( )

1 po pof , 1 1
= ] . (B25)
efo — b0 | oy —Q  w—Q - w-Q

Rearranging it a bit, and using (B21) and (B22) we obtain (B19).
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Let us now prove the expression (B18). We start with
second-order equation with centralized bath operators, i.e.,

B B t
f dtAD (1) = — / dt / ds(Hi()H[(5))y,. (B26)
0 0 0

Next, we put the representation (B17) and according to the
relation (A7), we have

A1) =Y 100w, )™ Al (@)As(@))e

- Z T;‘;f>(w, e AT (w)Ag(a). (B27)

Then, the left-hand side of Eq. (B26) is equal to:

B
/ dt A2 (1)

0

lB /
=D AL @, (w/)(Té?“(w, o) / dr ¢ >>,
w,w’ 0
(B28)

J

whereas the right-hand side is given by:

B b
_/ dz/ ds(H;(DOH;(5)),
0 0

B t
—— [ ar [ s Aupo) R0 Rr(5)
0 0
B t
= _Z / dt f ds &7 AT (0)Ag (0 ) (R (t — 5) Rp)
w,w’ 0 0

B t
:_ZA;(w)Aﬁ(w’)/ dt e’<w*w>/ ds e (R, (s)Rg),
0. 0 0

(B29)

where in the last line we change a variables s — ¢ — 5. Next,
according to Eq. (A19), let us observe that

L 1o
(Ro(it)Ry) = (Ru(1)Ry) = 5 / 49 ¥y p(9),
—00
(B30)
such that

.« o 1
(Ra(t)Rp) = Z/

—00

+00

dQ e y,5(Q). (B31)

Finally, the right-hand side is equal to:

B t R . 1 +o0 B , t ,
—/ d:/ ds(H (OH[(5))y, = —ZAg(w)Aﬂ(w/) —/ dQ ya,g(sz)/ dt e’(“’_“’)/ ds '@~ ). (B32)
0 0 o 27 J o 0 0

Equating left-hand side=right-hand side, we get

w0, 00

which is solved by

(mf) , I
Taﬂ (w,w):—E d2 v,p(R2)
—00

B Hw—w) [ s(0'—)
y fo dt e'@— fodse @
S dr ette=en

(B34)

‘We thus obtain

_f()ﬂ dt f()[ ds et(wfw’)ex(w’fﬂ)

Dmf(a)’ wl’ Q) = ,B
P dt e

, (B35)

what is readily integrated [see (B25)]. Then the integrated
form of Y3 (@, ') is obtained with relation in (21). W

APPENDIX C: STEADY-STATE CORRECTION
1. General method

We look for a solution of the equation:

Lle] =0, (ChH

B , 1 +00 B , t ,
> @, o) /O dr e+ / A Yup(Q) /O dt '@~ /0 ds @~ |Al(0)Ag(0) =0,

(B33)

(

where L is the generator of the master equation and o is its
stationary state. We expand the generator and steady state in
the series, i.e.,

LIp] = Lolp] + 22 Lalp] + A Lalp] + . ..., (C2)
0=o00+1r0+ o1+ ..., (C3)

such that we have the following set of equations (for each
order in A):

Loloo] = 0, (C4
Lolo2]+ Laloo]l = 0, (C5)
Loloal + Lalo2] + Lalool = 0, (Co)
(CT)

Hence we postulate the stationary state (in the Gibbs form):

2 4
0= o~ BHHPHD I HD . _ 00+ 120+ 2tos+ ...,
(C8)
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such that
0o = e, (C9)

B
0, = —e PHo / dr ¢t H Y ¢=Ho (C10)
0

B
04 = — e—ﬁHg/(; dt etHUHS(:‘)e—tHo

B 1
+ eiﬁHO/\ dt]/ dtz etlHOHS(tZ)eitlHOEIZHOH;[2)€7t2H0.
0 0
(C11)

In the following, we use the summation convention, i.e., the
repeating indices are summed up. We start with representation
of the second-order correction in the basis of jump operators:

H? = T (@, )AL (@)Ap (). (C12)
Note that contrary to mean force correction, the above form
assumes that Bohr spectrum is nondegenerate. Indeed, then
pairs of jump operators span linearly all the space of operators
of the system. In accordance, we have the following expres-
sion for o, i.e.,

B
02 = —e P (0, o) / dt e"™ Al ()Ap(w)e ™M

T (@, 0 )a(e — w)e PPAL(@)Ap(@),  (CI13)
where we define:
B 1—e P
_ —tw __ © i w # 0
a(w) _/0 dt e = {ﬁ’ Y (C14)

In general, we are going to transform the operator equa-
tions (C5) and (C6) into the algebraic ones. For this we define:

(C15)
J

Liloi] = gy (@1, w2)e PA L (@1)Ap(@2)

for the second order (such that k + [ = 2), and

Lilo) =gy s(@1, 2, 03, 03)e A (01)Ag ()
x Ay (w3)As(w4) (C16)

for k+ 1 =4. In accordance, for the second-order equa-
tion (C5), we have

(€55 (@1, ) + g5 (@1, 1) e P AL (w1)Ag(2) = 0,
(C17)

whereas for the fourth order:

[gaﬁy,s(wla w2, W3, W4) + gaﬂya(a)la Wy, w3, Wy)

+ g5 (@1, @2, 3, 03)]e P AL (@1)Ap (@)

xAy(a)3)A5(a)4) =0 (CIS)

In the following, we will also use the commutation rela-
tions:

[Ay (@), Hp] = wAy (@), (C19)
from which we get:
Ag(w)e PHo = g=Poe=BHop (). (C20)

The commutation relation (C19) can be further generalize for
the product of jump operators, i.e.,

[Aa, (@1)Ag, (@2) ... Ag, (@2), Ho ]

2. Second-order equation

In the following, we solve Eq. (C17) for a master equation of the form:

Lolpl = ilp, Ho]

=(w +w+--+ wn)Aotl (a)l)A(xz(wZ) . -Aag(wZ)-
(C21)
Notice also that A} (w) = Ay (—w).
(C22)

Lolpl =YY" [T“’(w o), Al (@)Ap(@)] + Kap(w, © )(Aﬁ(w )AL (@) — —{AT (@)Ap(@), p})} (C23)
a.f oo
We observe that the zeroth-order equation, i.e., [0g, Hy] = O is obviously satisfied for a choice gy = e Pt
Let us then calculate the coefficients gfxo and g(20 for the second-order equation. We start with:
Loloa] = iloa. Hol = =iy (01, wn)ar(wy + wn)le PA] (0)Ag(w2), Ho) (C24)
= —i(w1 + )T (—o1, )a(o) + w)e A (0)Ag (@), (C25)
where we used Eq. (C21), such that
8oy = =i + )Y} (—o1, wy)a(w) + vy). (C26)
Next, we shall calculate:
Lalool = Y5 (@1, @2)[00, Al (@1)Ap(@2)] + Kup (@1, 02)(Ap(@2)00AL (@1) — HAL (@1)Ag(2), €o})
= i1 (@1, 0)[e P, Al (@1)Ap(@2)] + Kap(@1, @2)(Ag(@r)e PPAT (01) — HAL (@A), e P™)).  (C27)
First, let us rewrite the Hamiltonian part in the form:
T3 (@1, @)le ™, Al ()Ag(02)] = iT55 (@1, w2)(e PP AT (1)Ap(w2) — Al (w1)Ag(w)e ) (C28)
= m;;%l, w)(1 — e P00 Pl AT () A g (w7), (C29)
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and then the dissipative part as follows

Kop(o1, 02)(Ag(w2)e Al (1) — F{AL(w1)Ag(wr), ePT0}) (C30)
= Kup(w10)(Ag(w2)e PA] (1) — AL (@1)Ag(w2)e T — Le PAT (01)Ag(w2))). (C31)
= Kup(wi10)(e Pe PP Ag(02)A] (1) — Je P e AT (w1)Ap(w2) — Je PRAl (0)As(wn)),  (C32)
= (P Kpa(—w2, —01) — 3 Kap(w1, 02)(e P70 + 1))e PHRAL (01)Ap(@2). (C33)

Finally, we get
gop (@1, ) = i) (—w1, 2)(1 — e POy 4 P Ky (—an, —01) — JKap(—o1, )€ @) 4 1), (C34)
Now, we postulate the solution
gup (@1, ) + g (@1, @2) = 0, (C35)
for each wy, w; and «, B. First, for w; = w, = w, we have
P Kgo (—w, —0) — Kyp(w, 0) = 0, (C36)

such that the coefficient K, g(w, @) has to satisfy the detailed balance condition. Furthermore, for w; # w, we get

TS (—or, o) Pt — 1) — T8 (—wp, wy)(e Pt — 1)

B
+ e P Ko (w2, 01) — 5Kup(—w1, 02)(" ) 4+ 1) = 0. (C37)
This can be further simplified to:
S l w w; 1 w :
T (@1, ) = Y3 (@1, ) + m[ef“ Ko, —01) = S Kaplor, o)™ + ¢ 2)]. (C38)

a. Solutions for the Bloch-Redfield master equation and for secular approximation

For the Bloch-Redfield master equation, we have:

Y (0 oy = LT (@) — T C39
af (w,w)—i[ ap(@) — g ()], (C39)
Kup(w, @) = Tap(@’) + T, (0). (C40)
Next, we put:
Tap(@) = 5Vap(@) + iSup(), (C41)
such that
(LS) / 1 1 / . / 1 .
Taﬂ (w,0") = % Eyu,,g(a) )+ iSep(@") — zyaﬂ(a)) + iSep(@) |, (C42)
1 1
= E[Vaﬂ(w/) — Yap(@)] + E[Saﬁ(w/) + Sup(@)], (C43)
and
Kop(0, @) = Lyap(@) + iSap(0) + Lvap(@) — iSup(w), (C44)
= 5[Vup(@) + Yup(@)] + i[Sup (@) — Sup(@)]. (C45)
Let us put above expression into Eq. (C38) and collect all of the terms with Sg:
1 / 1 o+’ / 1 / w o'
5 (Sap(@) + Sup(@) = m(e“ T (Spa(—0) = Spu(=0)) = 5 (Sep(@) = Sup(@))(e™” + ¢ )>, (C46)
1 ePo — P , ePe P , , ,
= [ T (Sup (@) Sap(@)) = = (Sap(@) — Sup(@) = " (Spu~0) — Spul ))},
(C47)
1 , ,
= o b [P2Sup(@) — €P” Sup (@) + T (Spo(—0) — Spa(—w))]. (C48)
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Next, we collect all of the terms with yug, i.e.,

L ap@) = yap(@) + ———— (PO L ) g (—0)) = L0p@) + vap@)(@ + ) (C49)
4i apf af eﬁw _ eﬂw’ 2 af aff 4 p B ,
. | | |
= i(—)/aﬂ(a)/) + Vop(@) + —6'3‘” — bl (2(5’3” Vap(@) + eﬁw]/aﬁ((!),)) — YVup (@) + )/o,ﬂ(a)))(e’s‘” 1 B ))> ’ (C50)
i / 1 Ba' Bw / / B Ba' Bw Bo'
=1 —Yap(@") + Yap(@) + g (2P Yup(@) + 26" Yap(@) — Yap(@ )€ + ) — vup(@)(’” + €)) ),
(C51)
. | | |
N i(_y‘*'—“ (@) + Vap )+~ (P up (@) + €7 yap(@) = € yop(@) — eﬂwyaﬁ(w») =0. (C52)

One sees that only terms S, survives. Moreover, these are exactly equal to the expression for a mean-force Hamiltonian given
by Eq. (B19), such that for the Bloch-Redfield or cumulant master equation we have simply:

T;jg)(w, )= Tgf)(w, o), (C53)

for w # o'.
Let us observe that if we apply the so-called secular approximation before (see (28)) for y,4 coefficients, i.e.,

Vap (@, @) = Yo (@)S0,0r, (C54)
then
P g (—0, —0) = S yup(@, @) + 7 =8, 0 (€ Ypu(—0) — P yup(@)) = 0. (C55)
due to the detailed balance condition. Finally, for such master equation, for w # «’, we have
T (@, 0) = Y (0, 0). (C56)

3. Fourth-order equation

Now, we are going to solve the fourth-order equation (C18). For simplicity, we assume that the interaction term is given by
H; = A ® R, such that we drop the indices, i.e.,

(804(@1, 3, 3, 3) + g (@1, W2, @3, @) + gao(@1, W3, 3, W4))e P A(W1)A(@2)A(@3)A(w4) = 0, (C57)

where gg‘é)y s = & According to the Proposition 1 in Sec. IV B 2, the above equation is satisfied if and only if the following set
of equations is satisfied:

Z (g22(w1, w2, w3, w4) + gao(wy, W2, W3, w4)) =0, (C58)
(w1,w2,@2,w4)€G(lk)—1k))

where G(|k) — |k)) denotes the set of all four-tuples,
(wla Wz, W2, 0)4) = (El — €k, €Em — €], ej — €m, €k — Gj). (C59)

a. gy function

We consider the term:

Llol= Y. gl 0y, 03, 0)A@)A(@)A(@3)A(ws), (C60)
where
02 = a(w3 + w4) Y (—w3, w4)00A(w3)A(ws) (Co1)
Lo[p] = —iTLs(—w1, w)[A(w)A(w2), pl + K(—1, 02)(A(w2)pA(wr) — F{A(w1)A(w2), p}) (C62)
Then, we have:
Lo]02] = iTis(—wr1, ©2) Y (—w3, wg)a(ws + wg)A(w))A(w2)02A(w3)A(w4) (C63)
— iV s(—w1, @) Vg (—w3, w)a(ws + w4)02A(w3)A(w4)A(w1)A(w2) (Co4)
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+ L (Yg (w3, 0)a(w3 + 0K (—w1, ©2)A(@1)A(@2)02A(@3)A(04)) (C65)
— Ysi(—w3, wg)a(ws + w4)K (—wr, w2)A(w2)02A(w3)A(ws)A(w) (C66)
+ (Yo (w3, o) (w3 + 0K (—w1, ©2)02A(03)A(04)A(@1)A(2)), (C67)

which we may rewrite as:
L[] = (—iYLs(—w1, 02) Ya(—w3, w4) (w3 + 04)+5(Ta(—ws, w)a(w3 + 03)K (o1, 02)))e PP A(03)A(04)A(01)A ()
+ (iTLs(— w1, @2)e P FD 4 LK (—wr, 02)e P ) Yy (—w3, w4)a(ws + w1)e PP A(w)A(02)A(w3)A(ws)
— Ta(—w3, ws)o(w3 + 0K (o1, wr)e P e P A(w))A(w3)A(ws)A(w)). (C68)
Since all w;’s are mute indices, we change them such that one obtains:
82(w1, w2, w3, W) = Vy(—ws, wya (w3 + @4)(IYLs(—w1, w2) + 3K (—o1, @)
— Ya(—o1, w)a(w; + o) (iYLs(—ws, ws) — $K(—ws, w4))
— e P Y (—wa, w3)a(wr + 03)K (—ws, o). (C69)

b. g function (cumulant equation)

We consider the fourth-order generator of the camulant in the Schrédinger picture:

LPp] = % /0 s oo [ZR, ZR][e Mo pe=ithtyeithor (C70)
Acting on gy that commutes with Hy, this simplifies to:
L£P[00] = % /0 t ds e ™[ LR 2R][ggle™". (C71)
We then define
Lol = Z gao(w1, @3, w3, wy, 1)e PP A(w1)A(2)A(03)A(wy). (C72)

W1,Ww,Ww3,W4

To get an expression for g49, we first compute the action of ﬁf [’f on gy, i.e.,

LMool = ) flor, 0, w3, w1)e PRA(0)A(@)A(@3)A(ws), (C73)

®1,w2,w3,04

where

fw1, w2, w3, w4, 1, 5)

= S(—w1, w2, $)S(—w3, @y, e POT) _ S(—w, wy, )S(—w3, wy, t)e PrTertesto) (C74)
I i~

5801, 02, )7 (—03, 4, t)e Plenten) 381,02, 97 (e, o4, t)e Plortertesto) (C75)

—iS(—w1, wa, )7 (—w4, w3, t)e P@T2T0) L S, wy, 1)S(—ws, wy, s)e P@1e2) (C76)

~S(—w1, w, NS(~ws3, ws, 5) + %3(—601, w2, )7 (—ws3, wy, s)e” Plenter) — ég(—wl, w2, )P (—ws, wa,5)  (CTT)

—iS(—wy, w3, )7 (—wy, wy, $)e POTTO) 4 iS(—w), w3, 1) (—wy, w1, )e P (C78)
[ I ~ ~

—58(—w3, 04, )7 (o1, 02, t)e Plrten 783, 04, )7 (—01, @2,1) +iS(—w3, 04, )7 (=0, wy, t)e P

(C79)

—%5(—603, w4, P (—w1, @3, s)e HOte) 4 %3(—603, w4, P (—w1, @y, s)e” Plortertesten (C80)
1 1

+Z)7(—a)1, w2, $)P (—ws3, wy, t)e_ﬁ(‘”‘+‘”2) + Z)”/(—a)l, w2, $)P (—ws3, wy, t)e_ﬂ(w‘+w2+“’3+“’“) (C81)
1 1

—537(—601, w3, $)Y (—wy, w3, f)e Plortortm) 4 Zf/(—wl, Wy, )P (—ws, wy, §)e Plorte) (C82)
1 1

+ 7 (—on, 02, D7 (w3, 04,9) = 37 (=02, 01, )7 (=03, 4, s)e P (C83)
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—B(wi+wr+w3) _ 1

—57 (o, 03, D7 (—ws, 01, 5)e 7 (=02, 03,07 (=04, o1, s)e P (C84)
+7(—w3, 02, ) (—w4, w1, s)e PO, (C85)
Consequently, we have
1 . !
gao(w1, wa, w3, w4, 1) = Eel(w‘+w2+w3+w4)t / ds (f(w1, w2, w3, w4,1,5) — f(wr, w2, 03, W4, 5,1)). (C86)
0

The above expression, in general would not have well defined limit for # — oo. However, we will need the xxx

4. Proof of Proposition 1

We consider diagonal elements of the Eq. (70), such that we obtain the following set of equations

Z(gm(ﬁ)) + 22(®) + a0(@))e P (k| A(w1)A(w2)A(w3)A(wy) [k) = 0. (C87)

fork =0,1,2,.... We see that since for arbitrary p we have:
2804(67)) (k| e P A(w1)A(@2)A(w3)A(ws) [K) (C88)
= (k| LY [p] k) = (k| [Ho, p]lk) =0, (C89)

so our condition is now just

2(822(5)) + g40(@))e P (k| A(w1)A(w2)A(w3)A(ws) k) = 0. (C90)

Moreover, one observes that (k| A(w;)A(w2)A(w3)A(ws) |k) is nonzero only if ), wx = 0. Consequently, let us denote by
G(lk)y — |k)) the set of all four-tuples @ of the form:

@ = (€ — €, € — €, € — €, € — €;), (C91)

form which follows Eq. (73).

5. Two-level system

Now we shall specialize to the case of a two-level system. We then have k = 0, 1 and €; — €y = wy, such that
G(10) — 10)) ={(0, 0, 0, 0), (wo, —wy, 0, 0), (wo, 0, —wp, 0), (wo, 0, 0, —wy), (C92)

(09 wo, —wWo, O)’ (0’ o, 05 _wo)v (Ov Os wo, _600), (CL)(), —o, Wo, _CUO}) (C93)

The set G(|1) — |1)) is the same but with changed sign of the qubit frequency wy — —wy. Then, according to Eq. (C69), one
can first observe that the coefficient g», summed over first seven four-tuples vanishes, i.e.,

822(0,0,0,0) + gx(wo, —wo, 0, 0) + g22(wo, 0, —wp, 0) + g22(@o, 0, 0, —wp)
+ 822(0, wp, —wo, 0) + £22(0, wo, 0, —wo) + 22(0, 0, o, —wp) = 0, (C94)
whereas for the last one we have
g22(wo, —wo, wo, —wo) = B(Ys(—wo, —wo)K (—wo, —wp) — e P Typ(wo, wo)K (wy, wp)). (C935)
If additionally K (w, w) obeys the detailed balance condition, then
g2 (wo, —wo, wo, —wo) = Be P (T(—wo, —wo) — Ya(wo, w0))K (wo, ). (C96)

a. Second-order master equation

Now, since for arbitrary master equation of the form (6), which is up to second order in A, we also have g49 = 0. From this
we conclude that Eq. (C18) is satisfied if

Tsi(wo, wo) = Yse(—wo, —wo). (C97)
Since for a two-level system, in general we have

(O1HS 10) = Y(0, 0) + Yye(wo, o), (1 HY 1) = Te(0, 0) + Tse(—wo, —awo). (C98)
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Thus, applying the condition (C97), we finally get:
(O1HP 10) = (11 H 1) = Ta(wp, @o). (C99)

b. Cumulant equation

To solve the Eq. (C18) for the cumulant master equation we need to additionally calculate the term involving the coefficient
g40- Putting the expression (C86), we observe that, similarly to the summation of gy, the sum over first seven tuples vanishes,
such that we obtain a very simple expression

lliglo Z gao(w1, w2, w2, w4, 1) = gao(wo, —wo, wo, =), (C100)
(1,02,02,04)€G(|0)—0))
where
1 o0
ulan. ~on, o, —an) = 56PN+ Py (an) [ ds @y (@, 5) = y(-on.5) (1o
0
Since, the leading order of the cumulant master equation is the Bloch-Redfield generator, we also have
g2 (w0, —wo, wo, —wp) = Be P (Tu(—wo, —wp) = Tui(wo, @)y (o). (C102)
Finally, we need to solve
822(wo, —wo, wy, —wo) + Gao(wo, —wo, Wy, —wp) =0, (C103)
which gives us
1 [o¢]
Yo, 00) = Tu(=an, —on) = 321+ [~ ds @™y 00,5 = y(=on. ) (C104)
0
l [e.¢]
= ﬁ/ ds (y (a0, 5) + ¢ PPy (w0, 5) — y(—wo, 5) — Py (=, 5)) (C105)
0

N %/o ds (y (wo, $) — Py (—wy, $)) — % [ ds (r(—en,9) = e Py (o, ). (C106)

The above formula does not yet allow to determine Y (w, w), since it is a difference of such quantities. However this
indeterminacy is just a shift of the Hamiltonian by a constant, and therefore it is irrelevant. Actually this is just the gauge
that has to be chosen at some point. We just can consider the simplest choice

YTi(w, ) = % /000 ds (y(w,s) — eﬁ“’y(—w, s)). (C107)

In the end, we want to compare the steady-state correction with the mean-force one. The diagonal part of the mean-force
coefficients is given by:

1 +0o0
Tt(w, w) = — / dQ Dys(w, w, Q)y (), (C108)
27 J_so
where
1 8 t 1 — B@—) —-Q
Dt (o, o, Q) = ___/ dl_/ ds e @™ = ¢ - ﬁ(zw ) (C109)
B Jo 0 Blw — )
Let us then represent a function y (w, t) in a similar way. From the definition, we have:
1
v, 1) =T(w,t)+T(w, )" = / ds ¢ (R(s)R), (C110)
—t
such that by substituting
1 [ .
(R(s)R) = 2—/ dQ e ¥y (Q), (C111)
T J-x
we get
! s 1 [ ! : A T Q
y(w, 1) = / ds ¢“*(R(s)R) = —/ dQy(Q) [ dsée @ s = —/ aQ r(&) sin[(w — )r]. (C112)
_ 27 J_ o _ T J oo - Q
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Accordingly, the steady-state coefficient is given by:

1 o o i — Q)t i Q)t
Yoo, 0) = _/ aQ y(Q)/ ar( L@ =S g, sinl(@ + iy (C113)
278 J_o 0 w— w—+ Q2
Now, let us observe that since the function y (2) satisfies the detailed-balance condition, i.e., y () = ey (—), then one may
write:
o sin[(w + Q)¢] o sin[(w + Q)¢] o _ao Sin[(w — Q)t]
dQy(Q)————— = dQ Py (—Q)———= = dQ y(Q)e P —— - Cll4
/_oo y(§2) S /_OO ey (=) S f_oo Y (R)e P ( )
Applying this to the previous equation, we get
1 e8] 1— eﬁ(wffl) o]
Y (w, w) = —f dQ y(2) / dt sin[(w — Q)r]. (C115)
2B J_o w— 0

Finally, we represent the integral over sine as the Cauchy principal value, i.e., by using the Sokhotski-Plemelj formula (A24),
we may write

o 1
/ dt sin[(w — Q] =P——, (C116)
0 w — Q
such that
T L=l Cl1
Yy (w, =P— QLy(Q)——. 117
(w0 =Ps 2 | d2y@- g (C117)

Let us then back to the mean-force representation. The formula D¢ (w, w, €2) given by Eq. (C109) has no poles, nevertheless,
it can be split into two principal value integrals:

1 [t 1 — PO 4 B(w— Q)
Yuw.0) = 5 [ agy@ i ———F C118)
1 +o0 1_6/3((4)79) 1 +o00 1
=P— dQy(Q)———M— + P— dQ y(Q)——. C119
7’27”3 i y( )(U)_Q)2 +P2n/_oo 7( )a)—Q (C119)

The first integral is precisely the representation of the steady-state corrections, whereas the second term is the previously defined
function S(w) (A27).
Finally, we have proved the following identity for the cumulant equation (for the two-level system):

Tt (w, ) = Ty(w, w) + S(w). (C120)

APPENDIX D: CUMULANT EQUATION
Consider a system interacting with a thermal reservoir which Hamiltonian is given by:
H = Hy + Hg + \H; (D1)

Let us also consider the Born Approximation such that p(0) = ps(0) ® pr Where pg is a stationary state of the environment. In
the interaction picture the reduced state at time ¢ is:

ps(t) = Trr(U (¢, to)ps(to) ® pr(to)U (¢, 19)). (D2)

One may expand the evolution operator in the interaction picture U (t, 0) = Te~ /o #1t)d!" and rearrange terms (of the same
power of Hj) to obtain:

7' t t
ps(t) = ps(0) —AQE / dt / dtTrr([Hy (1), [H(12), ps(0) ® prl]) +O (). (D3)
0 0

j )
1

The terms O(H}') can be neglected for weak coupling or short times. We already considered the initial state of the bath to be
thermal pg(0) = ppg = e PHs /Tre=PHs and the bath operators to be centralized. Let us know focus on the second term, let us
apply time-ordering explicitly so that:

B )\‘2 t t
R® = -5 / dn / dn0(t, — ) Trg([H (11), [Hi (t2), ps(0) ® prl])
0 0
)\‘2 t t
- / d, / 6t — 1Y Tre((Hy (1), [Hi (1), ps(0) ® pgl]). (D4)
0 0
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Let us know expand the double commutators:

5 )\2 t t
R =— > / dn / du0(t) — t)Trg[Hy (1) H (1) ps(0) pr — Hi(t1)ps(0)prHi(t2) — Hi(t2)05(0) prHi (t1)
0 0

)\'2 t t
+ ps(O)prHi 0 Hi 1) — / d, / d126(ts — 1 YTrlHi () Hy (1)ps (0)pr — Hi(12)ps (0)orHy (1)
0 0

— H; (1) ps(0)prH; (t2) + ps(0)prH; (12)H; (11)].

From here it can be seen that we have three kind of terms, namely H, ,2 p, HpH;, pH 12 Let us consider each of those independently,

)\‘2 t t
HipHy : 7/ dl1/ dty(0(t) — ) + 0(t2 — 1)) Trr[H (1) ps(0) prH [ (t2) + Hi(t2) ps(0) orH  (11)] (D5)
0 0
)\2 t t
== / d, / disTeRlH) (1)ps(0)prHi (1) + Hy (12)p5(0) prHy (11)] (D6)
0 0
=2 [ d / At TralHi () ps (0)orHy (12)], (D7)
0 0

where in the last step we used a change of variables on the second term, such that #; <> #,. Next, we consider the other two
missing terms

)\‘2 t t

Hip : —7/ dll/ diy(0(t1 — ) Trg[H(t1)H (1) ps(0)pr] + 0(t2 — t1)Trgr[Hy(t2)H; (1) ps(0) pr]) (D8)
0 0
)\2 t t

= _?/o dt /0 dty(0(ty — t2)Trgl[H;(t1), H(t2)]05(0)pr] + Trr[H;(t2)H; (t1)ps(0)or]) (DY)
)\‘2 t t

pH} —7/ dll/ diy(0(t; — 1) Trg[ps(0)prHy (12)H; (21)] + 0(t2 — t1)Trg[Hy(t1)H;(12) ps(0) pr1) (D10)
0 0

)‘42 t t
= _?/o dll./o dir(8(ty — 1) Trg[ps(0) pr[H (12), H (11)1] + Trg[ps(0) prHi (11)H; (22)1). (D11)

In both cases the step taken from one line to the other was summing a zero so that the terms could be recast in that form, they
t ! . 1 t

were :’:% fO dt f() dn0(t, — t,)Trgr[H;(t)H; (t1)ps(0)pr] in the first case and :*:% fO dt f() dn0(t; — t)Trrlps(0)prH(t1)H; (1))

in the second one. Regrouping all terms we have

_ roop I
Kz(z) = )\2/ dh / dn (TFR[HI(fl)PS(O),ORHI(lz)] - E(TrR[pS(O)pRHI(tl YH;(t2)] + Trr[H;(t2)H; (1 )pS(O)pR])>
0 0
)\‘2 t t
- ?/0 dll/o dn0(ty — t)(Trg[[H; (1)), Hi(t2)]ps5(0)pr] — Trrlos(0)or[H (t1), Hi(£2)1]) (D12)

t t 1
=2 / d, / di> (TrR[H,(n 105(0)0Hy (23] = 5 (Trl 5 )y (1 Hy2)] + TealHy (02)Hy o )ps<0)pR]>>
0 0

— i [A(), ps(0)], (D13)
where
l t t
A@®) = 2—1/ dll/ dn0(ty — t)Trg[[H(t), Hi(t2)]pr] (D14)
0 0
1 t t
- = /0 dn /0 dtysgn(ty — 1) TeglHy (6 Hy (1) P (D15)

where we used 6(x)= Now, if we expand the interaction Hamiltonian in the interaction picture
H; = Zw,k " A(w)By = Zw,k eii“”A,:(w)Bk, then

1+sgn(x)
—n

1 t t . , .
A0 =3 35 [dn [ dasenty = e AL )0 BBy )

w,w af

=YY Ew, w, DAL (w)Asw"). (D16)

w,w' af
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So we obtain:

RPLps(0)] = =iy Y " E(w, w', DIAL(w)Agw"), ps(0)] + Eup(w, w’ t)(Aﬁ(w )ps(O)AWw)——{A*(w)Aﬁ(w) ,08(0)}>

w,w af
where
t t . ,
up (w0 1) = f dn / AtV (R, (1R (1), (d17)
0 0
We may rewrite this in terms of previously obtained quantities as:
t t
Eup(w,w', 1) = [ ds / dwe™ ™S~ (R, (s)Rg(w)) (D18)
0 0
t t . ,
:f ds/ dwe™ ™ )R, (s)Rg(w)) +/ ds/ dwe™ V) (R, (s)Rp(w)) (D19)
0 0
= / do / dse’ ™/ (R, (s)Rg(w)) + f ds / dwe™ ™) (R, (s)Rg(w)) (D20)
0 0 0 0
s t
=f ds/ dwe" ™) (R, (w)Rs(s)) + [ ds el WO Ry (s)Rg(w)) (D21)
0 0 0 0
:/ ds/ dwe ™R, (w — 5)Rp) +/ ds/ dwe™ (R, (s — w)Rp) (D22)
0 0 0 0
:/ ds / dge WU R (—£)Rp) +/ ds/ dge WSRO R (£)Rp) (D23)
0 0
= f dse’ ™55, (w,5) + Tap(w', 5)) (D24)
0
t . , t
:/ dse’(w_w)jyaﬁ(w,w/,s):/ dsPep(w, w', s). (D25)
0 0

Now, we can notice that the derivative of such coefficient corresponds to:

d . !
Eg"‘f‘(w’ w' 1) = @y (w, w', 1) = P (w, w, 1). (D26)

Furthermore, from Ref. [30] we know that:

i(w' —w)t

2i

— Bop(w, w', 1) = (TapW', 1) = Thy(w, 1)) = " Spg(w, w', 1) = Sup(w, w', 1). (D27)

dt

One may then rewrite K as

RP1p1 =22 / dsH Y <l$a,s<w o', $)[p, AL (@)Ag(@)] + Fup(@, @' s)(Amw )AL (@) — —{AT (@)Ap(@), p}))

w,0 af
(D28)
APPENDIX E: COMPARISON WITH LAMB-SHIFT HAMILTONIAN AND THE STEADY STATE - QUBIT CASE
In this section we consider the particular case of a qubit coupled to a bosonic bath given by
H = o, + ZQkakak +SZAk(ak +ak) (ED
k=1
where we take S to be a general interaction operator in the Pauli basis:

S = xo, + yoy + z0. (E2)

This form of Hamiltonian with y = 0 has been studied previously in Ref. [8], where it was reported that such Hamiltonian
have steady-state coherences. In this section, we see that the general framework presented here agrees with that result. Using
Eq. (B17) and this interaction, the second-order correction to the Hamiltonian takes the form:

o [ ZTeor(0,0) + (2 +3) Tear(@, @) (¢ = )2(Tear (0, =) = Teor(@, 0)) ]

cor , (E3)
x4+ 9)2(Yeor (0, =) = Teor(@, 0)) 22 Yeor(0, 0) + (6% + y*) Yeor (—, —w)
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where cor indicates the Lamb-shift (LS), steady-state (st), or mean-force (mf) correction. We can rewrite this correction as a
linear combination of the Pauli Matrices such that:

H®? = A1l + Bo, + Co, + Do, (E4)

A = 200,00+ 2 (6 (0.0) + Yeor(—0, —o) (ES)
B = x2(Yeor (0, —) — Yeor(®, 0)), (E6)

C =yz(Yeor (0, —@) — Teor(@, 0)), (E7)

D= xzc;lr-zy (a0, ) — Toor(— 0. —0)). (ES)

We can see how the different approaches differ qualitatively by looking at the structure of the different Y (w, @) given by
each approach. It is important to remark that any approach that performs the secular approximation will have both B and C equal
to zero, meaning the correction will be diagonal and as such won’t be able to describe the off-diagonal elements of the steady
states accordingly. While nonsecular approaches such as the Bloch-Redfield equation, will have nondiagonal corrections, leading
to a more appropriate description of the off-diagonal elements of the correction as well as steady-state coherences. Let us for
a moment recall the structure of the Bloch-Redfield coefficients which are given by (C43), simply substituting the appropriate
frequencies for the qubit leads to:

S(—w) — S(w) n l.J/(O) - (Y () + y(—w))

Tis(0, —w) — Tis(w, 0) = > ) (E9)

and
Tis(@, 0) + Tis(—w, —0) = S(@) + S(—w), (E10)
Tis(w, ) — Tis(—o, —0) = S(@) — S(-w). (E1D)

Let us now compare this coefficient with the one obtained with the mean force approach. We will only be considering the
off-diagonal of the correction:

1 +00
K(@) = Yoi (0, ~0) = Yosl0,0) = - [ d2y(@)C(0. ), E12)
T J-c0
where
(1 — e P coth [£2] + (1 + e 70
Clw, Q) = 2 . El3
(@, Q) ( = o) (E13)
Additionally, our coefficients satisfy detailed balance conditions such that:
y(=Q) =y(Q)e %, Clo, -Q) = C(w, Q). (E14)
Using those we see that y (—Q)C(w, —2) = y(Q)C(w, ) and
1 +00
K(w) = —/ dQ y(Q2)C(w, Q). (E15)
T Jo
Let us now separate y (£2) into its symmetric and antisymmetric parts:
() = (¥ () + ¥ (=2) = 5(1 + e )y (), (E16)
Va(R) = 3(7(Q) — ¥ (=) = 31 — e ")y (Q). (E17)
Then we may write:
2 [t @*y4(Q2) coth [22] + y,(2)Qw
K(w):—f g (Cre@eoh [F]+ n@0) (E18)
T Jo Q(Q2 — w?)
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As mentioned before the system with y = 0 had been previously considered in Ref. [8]. Let us now compare our results to those
previously available in the literature. Their effective Hamiltonian is given by:

e M FEYG(0,0) — 3 (0 — 247 /3 Ty (0, ) A f1 K ()
T 2K (@) A2F20000,0) + Lo — 2227y (0, @) |

The couplings in this notation are x = f,z = fi and y = 0. It is also putted o’ = w — 2A* 7 Y(w, w) and Ey = A*f27Y(0, 0)
such that:

(E19)

Ey— < 2211 K ()
Hs=|: Ty MhRK@] (E20)
VK@)  E+%
Then we may find that
Tr[oe PHs] tanh[v/x2 + z28]
(ox) = =—x ; (E21)
Tr[e=P7%] N
where x = AzflfzK(w) and z = “’7 and we expand it up to the second order of A, i.e.,
2x Bw 3
(o) = ——tanh | — | + O(17). (E22)
o' 2
In Ref. [8] the authors also put o’ = w, such that
4)2 +oo (Q)w tanh [£2 2y.(Q
<ax)=—ﬂ/ o (r@eemh [F] | oln@ | (E23)
Tw Jo Q2 — w? QQ? — w?)
Now let us compare y, ((2) with the correlation function for a bosonic bath:
f@t) = / dQ J(Q)(coth [7:| cos(Q) — ism(Qt)). (E24)
0
1 +00 ) 1 +00
f@) = E/ dQ e ¥y (Q) = 5-/ d2 y(2)(cos(Q2t) — isin(2t)) (E25)
-0 —0oQ0

+00 +o00
l/ d2 (y5(2) + va(£2))(cos(L2t) — isin(£2t)) + %/ dQ2 (v5(2) — va(2))(cos(82t) + isin(£2t))  (E26)
0 0

2
1 [t . . L[+ ¥5(§2) o
= —/ dQ2 (ys;(2) cos(2t) — iy,(2) sin(2t)) = —/ dQ2 y,(2) cos(2t) — isin(£2t) (E27)
7 Jo 7w Jo Ya(£2)
1 +00 1 —BQ 1 +00 Q
= —/ dQ2 y,(2) Lcos(ﬂt)—isin(&?t) = —/ dQ2y,(2)( coth 'B— cos(Q2t) — isin(2t)
7 Jo 1 —e$Q T Jo 2
(E28)
According to this, we have the following relations:
Q
Ya(2) = wJ(Q) = mw,(2),  y5(2) = 7wJ(2) coth [%} = mw(2) (E29)
and the final result becomes
42 +oo Q)w tanh [£2 200, (92
<ax)=—ﬂ/ g (@@ewh[F] | ele@) ) (E30)
1) 0 Q2 —w? Q(Q? — w?)
On the other hand, in Ref. [8] we have
212
() = ZLL (A (@) tan [%‘”] + M) — AL O, (E31)
w
where
Ay(w) /oon @ -t ! 2[00 Pty (E32)
s\w) = Wy - . = - 5 5>
‘ 0 Q+ow Q-ow 0 Q2 — w?
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Ay( )_/oon (Q)<;+ ! )—2/006152M (E33)
@)= 0 @a QL+w QL—w - 0 92—602’
B 00 QZ _ (QZ _ (1)2) B 00 wa(Q)a)Z

such that (E31) is equal to (E30).

APPENDIX F: BLOCH-REDFIELD MASTER EQUATION (DERIVATION)

We shall derive the Bloch-Redfield master equation in terms of  (A16) and S (A17) coefficients starting from the von
Neumann equation:

FRIp()] = — / ds TeplH (1), [Hi(s), p(0) ® vall. (F1)
0

which is derived according to the Born-Markov approximation. We expand commutators and put an explicit form of the
interaction Hamiltonian (A2):

LRpO] = —'/0 ds Trr[H;(t), [Hi(s), p(t) @ yrll = /0 dsTrr([H;($)p(t) @ vr, Hi(t)] — [P(t) @ vr H((s), H;(t)])
= / dsTrr[Hp(s)p(t) ® yrH(t) — p(t) ® yrH;(s)H[(t) — Hi(t)H;(s)p(t) @ yr + Hi(t)p(t) ® yrH;(s)]
0
= Z/o ds[Aq($)P()Ap(E)(RE (1R (5))y, +Ap(t)P(£)Ax(8){(Re (S)Rp(1)) e
a,p

— P(1)AL($)Ap(E)(Ra ($)Rp (1)), — Ap(1)Au()D()(Rp (1R (5))y;]

= Z/O ds[(Ry(1)Rg())y, (Ap(8)P(1)Aa (1) — Au(t)Ap(s)p(1))] + H.c.
o.p

After introducing the jump operators (A4), we get

LRpOI=)")" / ds e "R (DR (5)) y (Ap(@)P(1)Aa (@) — Aa(@)Ap(@)p(1)) + h.c. (F2)
w,0 a,B 0
=>> /0 ds &) Ry ()R (5)) e (Ap(0)D(DAL (0) — Al (0)Ag(0)(1)) + hec. (F3)
w,0 a,p
=) > Tuplo, 0, )(As(@)pA] (@) — AL(@)Ap(@)p(t)) + He., (F4)
w,0 a,p

where we put the definition:
Fap(o, o', 1) = /0 s FO R, (R (5)) - (F5)
This can be further simplified to the form:
Cop(w, o 1) = &/ /O t ds €% (Ry ()R (0)) . = "~V Typ(e, 1), (F6)

where we changed the variables in the integrand s — ¢ — s and use the property (R, (1)Rg(s)),, = (Ro(t — 5)Rg(0)),,. Next, we
rewritten the Hermitian conjugate part in the form:

DY Fig, 0, D(Ap(@)POAL (@) — AL (@)As(@)p(1)) (F7)
w,0 a,B
=Y ) Tig(@, o DA(@)DDAL(@) — pA](0)Au(@)) (F8)
w,0 of
=Y D Th(@, 0, 0)A(@)pOAL (@) — pOAL(@)As(), (F9)
w,0 o,p
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Finally, we get

LRp@O1 =D  (Fap(w. ', 1) + Th, (o, 0. 1)Ap(0)p (1AL () (F10)
e @ p
- % ; aZﬂ:(faﬂ (@, &', DAL (@)A(@)B(t) + T, (0, 0, DPOAL (0)As(0))) (F11)
- % ;U: QZI;(FW (0, &', DAL (@)Ag(@)P() + T (0, 0, DBOAL(@)As (@) (F12)
- % ; aZﬁ:(f*a(w/, @, DAL (@)As(@)P() + Faplw, @, P(OAL (0)A () (F13)
+ % ;w: gﬁ:(f*a(w’, @, NAL(@)Ag(@)p(@) + Tap(, ', DAL (@)Ap()). (F14)

where the last two lines sum up to zero. After rearranging terms and putting the definition (A16) and (A17), we finally obtain
the master equation in the form:

< ~ 1
LRpen =Y >" [isa,g(w, @', DIBE), Al (@)Ag(@)] + Fup(w, o t)(Aﬂ(w’m(r)A;(w) — S (AL @Ay (@), p(r)})].

w,0 a,B

(F15)

APPENDIX G: THE CUMULANT EQUATION IN THE SCHRODINGER PIRCTURE

The cumulant equation is originally derived in the interaction picture. In order to transform the cumulant equation into the
Schrodinger picture we start with a simple observation,

p(t) = MV p(r). (G1)
The superoperator in the right-hand side of the equation above has its unique inverse, and p(0) = p(0), therefore:
p(t) = 1K p(0) = 7 p(0), (G2)
The right-hand side of the equation above defines the Schrodinger picture cumulant eqaution superoperator K(z):
K = omitHo U R (G3)
The explicit form of K,(z) can be found with the aid of the Baker-Campbell-Hausdorff (BCH) formula,
e =exp{X +Y + X, Y1+ X, X, Y11 - SV, [X. Y] +---}. (G4)

We observe that in a generic case the superoperator K,(z) in not of the GKSL form. This follows from the presence of

multicommutator terms in the formula (G4). These terms do not vanish, as [K,(z), Hy] is not central. Therefore, er(z
of a one-parameter family of CPTP dynamical maps that are not of the GKSL form.

).
is an example

APPENDIX H: THE CUMULANT EQUATION IN THE DIFFERENTIAL FORM

We start this section with the following lemma on the properties of the derivative of an exponential map.
Lemma 4. The derivative of the exponential map is given by

[X(®).,"] _
igx(t) _(¢ ' 1dX (@) X0 (HI)
dt [X(@®),-] dt
Proof. The proof of the above relation is identical to the proof of Theorem 5 in Ref. [36] up to small modifications. |
Using Lemma 4 we instantly obtain the cumulant equation in the differential form:
d K — 1 dR® o
—pt) = —————|p(t) = L, p(®). H2
a0 =T ar )P0 =0 (H2)
This result can also be obtained with integration of equation (G1). When truncated to the leading order, the above formula
g2 ~
reproduces the Bloch-Redfield master equation since '”;’t = LR
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Equation (H2) can be readily transformed into the Schrodinger picture. This is done with iterative application of the e

operators to the jump operators A;(w) inside I?,(z) superoperator,

4 () = | —i[Ho, -] +e*”H°»"’&ERe”HM’ (t) (H3)
dtlo - 0, [IZ[(Z) ] t 1Y
. e[k’m"] — 4 3R c
= | —i[Ho, -] + Wﬁt p@) =Ly p(), (H4)
t El
where
Kt(Z)[P]

= / dsy Ze“w—w’)“—”(isa,s (@, ', $)[p, AL@)Ap(@)] + Yop (@, o, S)<A,3 (@)pAL (@) — %{AZ, (@)Ag(a), p})),
0

w,o ap
(H5)
LR = R +i[H,, . (H6)

Moreover, we observe that
LE =L+ 00%. (H7)

Unfortunately, the problem of the long-time limit of the above superoperator was not resolved yet. This situation makes
determination of the higher-order corrections to the steady state of the cumulant equation even more involving.

Equation (H4) can be compared with the differential form of the Schridinger picture cuamulant equation obtained with Lemma
4 and the superoperator in equation (G3).

d K — 1 dK®
— o) )= —T
=\ kO] ar

The above formula has only a formal meaning, as the K,(z) superoperator does not possess a closed form formula. We present it
only for the curiosity of the reader.

)p(r) = L p(@0). (H8)

APPENDIX I: EXTRACTING THE CORRECTION FROM A DENSITY MATRIX

To extract the second-order correction from the reaction coordinate, we started by obtaining the steady-state density matrix,
which is given by a Gibbs state of the form:

e PH
pL=— an
By taking the logarithm, one obtains
log(2) + log(p,) = —pH. (12)
We then expand H
H=Hy+ H +\Hy+ ..., (13)
substituting in Eq. (12),
log(2) +log(p;) = —B(Ho + A*Hy + A*Hy +...). I4)
We now impose our gauge Tr[H] = 0. Then tracing out both sides we obtain
log(Z2) = —%Tr[IOg(m)]. as)
By substituting back into Eq. (I4) and rearranging terms one obtains
H = )\—12|:%<$Tr[log(,o,\)] - log(px)) — (Hy+ oa“))}. (16)
Finally, as A approaches zero,
lim H, = lim i [l (lTr[log(pA)] - log(px)> — H0:|. a7
A—0 =0 A% p\d
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